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ABSTRACT 
Short-Term Water Use Dynamics 
in Drainage Lysimeters 
by 
Musa V. Dlamini, Doctor of Philosophy 
Utah State University, 2003 
Major Professor: Dr. Robert W. Hill 
Department: Biological and Irrigation Engineering 
Turfgrass water use (seasonal turfET) and crop coefficients were determined and 
a mathematical soil-water balance model for non-weighing drainage lysimetcrs, which 
simulates the occurrence (timing and amount) of drainage, was developed. Pairs of non-
weighing drainage lysimeters were used to determine crop coefficients for turfgrass in 
four locations in the state of Utah: Logan Golf and Country Club, Murray Golf Course, 
Brigham Young University (Spanish Fork) Experiment Farm, and Sunbrook Golf Course 
(St. George). 
Daily weather data including air temperature, relative humidity, average wind 
travel, total solar radiation, precipitation, and average soil temperature were collected 
with an electronic weather station at each site. Daily precipitation was measured in three 
sites throughout the season: Murray, Spanish Fork, and Sunbrook. At Logan Golf and 
Country Club, precipitation was measured to November 10,2002. 
lll 
Water use (averages of two lysimeters) during the growing season varied from 
684 to 732 mm for three years (2000- 2002) for the mid-April through late-October 
observation period at Logan Golf Course; 699 mm for May through October at Murray; 
469 mm at Spanish Fork; and 896 mm for late-February through early November at 
Sunbrook, for 2002 growing season. Calculated seasonal Etr using the 82 Kimberly 
Penman equation with a 1 00-miles-per-day wind travel limit varied from 1166 to 1229 
mm at Logan Golf and Country Club, 1067 mm at Murray, 839 mm at Spanish Fork, and 
1574 mm at Sunbrook. Seasonal Etr calculated using the PM ASCE std Etr equation was 
greater than the 82 Kimberly Peru11an. Seasonal Eto calculated using the F A0#56 Eto 
equation was less than both the 82 Kimberly Penman and the PM ASCE std Etr 
equations. 
Calculated crop coefficients (as a ratio of measured crop water use and calculated 
potential evapotranspiration) based on alfalfa reference evapotranspiration with the 1982 
Kimberly-Penman equation averaged 0.58 for the three years at Logan. Seasonal 
averages varied from 0.57 to 0.60. Seasonal crop coefficients (2002) were 0.57 for 
Logan, Spanish Fork, and Sunbrook, and 0.65 for Murray. Short-period crop coefficients 
also varied within a given season. Short-term crop coefficients derived from a time of 
wetting and drainage experiment averaged 0.55 at Logan, 0.56 at Murray, 0.60 at Spanish 
Fork, and 0.56 at Sunbrook. 
(172 pages) 
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CHAPTER I 
INTRODUCTION 
The majority of water use in Utah occurs in urban areas during the summer due to 
the irrigation of landscaped areas of mostly turf. Ervin and Koski ( 1998) noted that the 
increasing demand for the scarce water resources of the semiarid western USA, coupled 
with the highly visible practice oflandscape irrigation, has fostered concern regarding 
turfgrass water conservation. Turfgrasses are of importance in enhancing and 
maintaining the function and beauty of natural and man-made landscapes. They enhance 
the landscape by contributing to aesthetic and practical appeal, and also add significant 
economic value. Some functions of turf grasses are (Pearson 2000): 1) provide utility in 
applications such as dust and erosion control, glare reduction and for safety needs such as 
airfields and along roads, reclamation and stabilization, and the improvement of degraded 
natural areas and spots that have been adversely impacted by anthropogenic activities; 2) 
for recreation on various types of sports fields, parks and playgrounds; and 3) for 
beautifying all types of surroundings. Turfgrasses generally contribute to more than one 
function and they play a major role in people's lives. The growing competition and 
demand for limited water resources in the world and in particular in the USA accentuate 
the need for improved management of water resources to ensure the integrity, 
productivity, and vitality of aquatic systems and their watershed (Bucks 1995). 
Turfgrass water use and irrigation scheduling are important factors to consider in 
municipal water conservation programs (Kopec et al. 1990). Jackson (2001) noted that of 
the total residential water used in Salt Lake City, 65% is used for landscape irrigation and 
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35% is for indoor use. Turfgrass irrigation for Salt Lake City ranged from 102% to 387% 
of the 30 year average annual turfET value presented in the report "Consumptive Use of 
Irrigated Crops in Utah" (Hill1994) with a three year average (1998, 1999, 2000) of 
271%. As Utah grows with fewer choices for new water supplies, it is vital to reduce 
urban water consumption so that adequate water will be available in the years to come. 
Knowledge of water use as well as scheduling of irrigation are factors which need 
to be combined for effective water management. Estimates of daily evapotranspiration, 
ET, or consumptive use, CU, are extensively used in irrigation scheduling and in 
determining regional irrigation water requirements (Wright 1982; Hill 1991 ). Crop 
coefficients are commonly used to estimate actual water use for a particular crop from 
estimates or measurements of potential or reference ET. They are empirical ratios of 
measured crop ET to some reference ET, and are generally derived from experimental 
data. The distribution of crop coefficients for a particular crop as a function of time 
constitutes a crop curve. 
Statement of the Pr·oblem 
Water use for urban irrigation is under increased scrutiny as a possible means of 
reducing water demand and to improve irrigation water use efficiency. Water use 
efficiency of turf grass is often low due to inadequate information available to irrigators 
on water management. Thus, it is important to accurately estimate turfgrass water use 
and irrigation requirement for the success of urban water conservation efforts. 
Estimates of turf grass consumptive water use, evapotranspiration (ET), were 
included in the report "Consumptive Use oflrrigated Crops in Utah" (Hill 1994). These 
estimates were made using turfgrass ET crop coefficients derived from a study at the 
Logan Golf and Country Club located in the mouth of the Logan River canyon. There 
was concern that coefficients derived from Cache Valley may not be applicable through 
out the State of Utah. Thus, site specific verification for a range of conditions was 
needed to provide increased confidence in turfgrass water use estimates. 
Lysimeters are devices used to measure plant water use under field conditions. 
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Water use is determined as the difference in the amount of applied water (irrigation plus 
rainfall) and the amount of drainage water collected from the lysimeter in drainage 
lysimeters, whereas, it is the change in weight for weighing lysimeters. Differences in 
the timing of measurements and the occurrence of irrigation and or rainfall and the lack 
of soil water measurement may prevent precise determination of short term estimates of 
evapotranspiration in drainage lysimeters. As a result, calculated turf grass crop 
coefficients may vary widely from one calculation interval to the next. The exact 
intervals of the time lag between water applications and drainage measurement is not 
known, whether due to the duration and amount of irrigation and/or rainfall, or due to the 
physical properties of the soil such as layering or discontinuities in soil profile properties. 
Simulation models may be needed to aid in the study of lysimeter turf grass water use to 
better understand the processes as to how water moves in a soil profile in relation to the 
amount of irrigation and rainfall. 
The goal of this research is to develop and validate a mathematical soil-water 
balance model that will account for water movement in the soil profile of a drainage 
lysimeter and accurately estimate the timing and amount of drainage water under various 
conditions. The results of the validated mathematical model will be used to estimate 
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turfgrass crop coefficients based on reference equations, the ASCE standardized Penman-
Monteith, the F AO 56 Penman-Monteith ETo equation (Allen et al. 1998) and the 
modified Kimberly-Penman equation (Wright 1982, 1996). 
The amount of turf grass water use, inigation scheduling and overall water 
management can significantly be improved if the water movement in the soil is 
accurately described. The results ofthis study will be of value to homeowners, lawn care 
professionals, consultants, landscapers, outreach professionals, planners, municipalities, 
park managers, golf course managers, developers, policy makers, and all those involved 
in turfgrass production and irrigation management. 
Objectives 
The objective of this study is to develop a mathematical soil-water balance model 
for non-weighing drainage lysimeters, which simulates the occurrence (timing and 
amount) of drainage. This model can be used to help develop crop water use coefficients 
for turf grass based on known amounts of irrigation and precipitation and should be able 
to estimate drainage volumes. The model is parametric, based on measured parameters 
which could be easily implemented by all people interested in turfgrass management and 
related water conservation issues. The specific objectives to achieve the main goal were: 
1. To develop short term crop water use coefficients for turf-grass based on calibrations 
from measured data using the simplified lysimeter water balance equation; 
2. To develop a mathematical soil-water balance model for non-weighing drainage 
lysimeters; and, 
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3. To simulate the occurrence (timing and amount) of drainage from a non-weighing 
lysimeter. 
The three objectives are elaborated in the next six chapters, (II through VII). Chapter II 
is a detailed literature review of materials relevant to the development of turf-grass 
consumptive water use and equations used in deriving crop factors for an alfalfa 
reference ET equation (Wright 1982). A review of the theoretical considerations 
fo llowed in the derivation of the model are discussed in chapter III. Field work and 
results are given in Chapter IV . The model is presented in Chapter IV, with calibration 
and validation in Chapter V. An overall summary is in Chapter VI, including conclusions 
and some recommendations for further work and future improvements. 
CHAPTER II 
LITERATURE REVIEW 
Lysimeter Water Balance 
Knowledge of the water flow in the soil is important for water needs of crops, the 
transport of nutrients within the root zone, and the leaching of chemicals to ground water 
(Roy et al. 2000). Turfgrass is a unique crop that requires unique management practices 
and is valued for its aesthetic, recreational, and robust properties. It is especially 
important in urban areas where lawns, parks, golf courses, and recreational fields make 
up a considerable portion of land. It is characterized by a high growth density that 
modifies overland flow, nearly eliminating runoff in favor of infiltration. 
The exact amount of water requirement for turfgrass, particularly in golf courses 
where the turf is maintained at a constant height, is not known. Lysimeters, particularly 
weighing lysimeters, has been employed to study crop water use (Pereira et al. 1995; 
Allen et a!. 1991; Klocke et a!. 1991 ; Hill and Allen 1991; Hill et al. 1989). Lysimeters 
are devices used to measure plant water use under field conditions. The water 
distribution in a lysimeter is dependent on a number of parameters: (i) the total volume of 
applied water; (ii) the initial moisture content at the time of water application; (iii) soil 
physical properties and their spatial distribution; (iv) the amount and intensity of root 
activity; and (v) the frequency of water application. 
Water use is determined as the difference in the amount of applied water 
(irrigation plus rainfall) and the amount of drainage water collected from lysimeters. 
Differences in the timing of measurements and the occurrence of irrigation and or rainfall 
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prevent precise determination of the day by day estimate of evapotranspiration. As a 
result, turf grass crop coefficients vary widely from day to day. The exact intervals of the 
time lag between water applications and drainage measurement are not clear, whether due 
to the duration and amount of irrigation and I or rainfall, or due to the physical properties 
of the soil such as layering or discontinuities in soil profile properties. 
An increasing problem in today's modern agriculture is the declining availability 
of irrigation water. This situation is mainly due to increased competition for water in 
large and ever growing urban and industrial areas around the world. Generally, Research 
is mainly directed towards finding means of conserving and managing irrigation water. 
Field lysimeters mostly planted with grass has been used in the past. 
Various soil-water flow properties, infiltration, redistribution, drainage, 
evaporation, and water uptake by plants are strongly interdependent, as they occur 
sequentially or simultaneously. The water balance is a detailed statement of the law of 
conservation of matter, which states that matter can neither be created nor destroyed but 
can only change from one state or location to another. The water content of a given soil 
volume cannot increase without addition from the outside (as by infiltration or capillary 
rise), nor can it diminish unless transported to the atmosphere by evapotranspiration or to 
deeper zones by drainage (Hillel 1971 ). The water balance is connected with the energy 
balance, since it involves processes that require energy (such as evapotranspiration). The 
energy balance states that, in a given system, energy can be absorbed from, or released to, 
the outside and that along the way it can change fonn, but it can not be created or 
destroyed. The water content in the soil affects the way the energy flux is partitioned and 
utilized, and also the energy flux affects the state and movement of water. 
The water balance, as given by Eq. (1) (Hillel1971; Hill et al. 1989), states that, 
in a given volume of soil, the difference between the amount of water added Win and the 
amount of water withdrawn Wout during a certain period is equal to the change in water 
content !:,. W (change is storage !:,.S) during the same period: 
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(1) 
Considering the water added by irrigation or rainfall, some infiltrates into the soil and 
some may accumulate temporarily in puddles over the surface or trickle downslope as 
surface runoff. Of the water entering the soil, some may evaporate directly through the 
soil surface, some may be extracted by plants and transpired to the atmosphere, some 
may drain out of the soil depth, and the balance at a given time is stored within the soil. 
A mathematical representation of the amount of water added is given by Eq. (2): 
will =P+I (2) 
where P is precipitation and I is irrigation water, both in units of length [L). At the same 
time, water may be removed from the soil (Wuut) by the processes of runoff (Ro ), deep 
drainage (Dp), and evapotranspiration (ET), represented by Eq. (3): 
Wout = Ro + Dp + ET (3) 
Substituting Eqs. (2), and (3) into (1 ), result in the total water balance that can be written 
in terms ofthe change in storage (Hill1991; Diaz et al. 1982; Roy et al. 2000) as: 
SW2 = SW1 + P + 1- Ro- Dp- ET 
where swl is the soil water content (yesterday), and sw2 is the soil water content 
(today). The various terms in Eq. (4) are totaled over a certain period of time, mostly 
daily. Equation ( 4) can be represented schematically for a hypothetical root zone as 
(4) 
shown in Fig. 1. It is essential to note that the effect of ground water movement, inflow 
and outflow and capillary rise, had been considered to be negligible in Eq. ( 4 ). The 
lysimeters are closed at the bottom and sides, and any water percolating to the bottom is 
assumed to be drained through the outlet. 
The largest component of the field water balance, and perhaps the most difficult 
to measure directly, is evapotranspiration (ET). Evapotranspiration is the combined 
process of evaporation from soil and transpiration from plant leaves (Allen et al. 1998; 
Jensen et al. 1990). In the total water balance of a lysimeter, the amount of runoff is 
generally assmned to be zero, unless in case of a rainfall storm whose intensity is much 
greater than the infiltration capacity of the soil. 
Ro 
Fig 1. Schematic diagram of a typical water balance for a root zone (Adapted from Hill 
et al. 1989) 
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Over a long period, the change in water content of the root zone is likely to be small in 
relation to the total water balance (Hill 1991; Walter et al. 1991 ), in which case the sum 
of rain and irrigation is approximately equal to the sum of evapotranspiration and deep 
percoiation. 
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P+l=Dp+ET (5) 
Three of the terms in equation five can be measured directly in the field. Thus ET = P+I 
- Dp, for longer periods, Eq. (5), which is Eq.(4) minus Ro. For shorter time periods, the 
equation must include the change in soil storage, as it can be relatively large. 
General Theory of Lysimeters 
A lysimeter is a tank placed in the ground that isolates the soil mass and 
vegetation so all water enters or leaves at controlled points. Thus it is possible to 
accurately monitor the amount of water required to sustain plant growth in order to 
determine evapotranspiration (ET) or consumptive water use by plants growing in the 
lysimeters. 
Lysimeters are generally used to measure the effects of soil, vegetation, and 
climate on water balance of crops. The movement of water in a soil profile is 
characterized by the suction head gradient (matric potential) and the difference in soil 
moisture content. The relationship between the soil suction and water content is given by 
the soil characteristic curve. The soil moisture characteristic curve is strongly affected by 
the soil texture (the particle size distribution) and the soil structure (the arrangement of 
the soil forming particles in the soil). The relationship between metric potential and soil 
moisture is not generally unique and single-valued (Hillel 1971; Kirkland et al. 1992; 
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Celia et al. 1990; Feddes et al. 1988). Lysimeters have become standard tools in 
evapotranspiration (ET) and water quality research because their use allows for the most 
direct method for the measurement of the field water balance (Howell et al. 1991 ; Phene 
et al. 1991; Verma and Rosenberg 1975). Lysimeters are often large containers of soil, 
set in the field to represent the prevailing soil and climatic conditions, and allowing more 
accurate measurement of physical processes than can be carried out in the open field. 
The design of a particular lysimeter depends on the data to be obtained and the 
resource available to build the equipment (Robbins and Willardson 1980). There are two 
types of lysimeters, weighing and non-weighing lysimeters. Weighing lysimeters 
determine ET directly by the mass balance of the water (Wright 1996; Phene et al. 1991) 
as contrasted to non-weighing lysimeters which indirectly determine ET by volume 
balance. In alllysimeters, the side walls do not permit the horizontal flow of water to the 
inside of the lysimeter, and for closed bottom, upward vertical water movement is 
restricted ( Grebet and Cuenca 1991). 
Lysimeters are important because they measure the effects of soil , vegetation, and 
climate on the total water balance. They isolate the soil mass and vegetation so that 
ground water cannot enter or leave, thus making it possible to accurately monitor the 
amount of water required to sustain plant growth in order to determine evapotranspiration 
or consumptive use since ET is a primary component of the water balance of a cropped 
field (Wright and Jensen 1978). Water depleted from the soil by ET must be replenished 
in arid regions by irrigation for successful crop production. How much water to apply in 
order to replace ET is a major concern as direct measurement of ET is difficult and in 
most cases costly such that means should be developed to aid irrigators with such a 
critical decision. Water can drain from the lysimeter only when the bottom layer is 
saturated, under zero pressure head or greater. 
Some Problems Encountered with Lysimeters 
12 
The economy of simple drainage lysimeters can be accompanied by some 
problems that limit their effectiveness in estimating plant evapotranspiration. Lysimeter 
placement is destructive to the natural conditions of the field soil, including the soil 
structure, texture, and compaction, with consequences to the soil aeration, circulation of 
water, penetration of roots, and on heat movement. Other common environmental 
problems that may affect the use of lysimeters may include: 1) the two-dimensionality of 
lysimeter boundaries; 2) vegetation and density differences compared to the surrounding 
area; 3) bulk density and lysimeter depth effects on root development; and, 4) the effect 
of soil moisture profile distribution within the lysimeter on evaporation and so i 1 moisture 
extraction. 
The greatest error in many types of lysimeters occurs at the boundary of the 
lysimeter soil and the bottom. Gravitational water draining to this point has to overcome 
the surface tension at the interface before it can drain completely from the lysimeter. 
Generally, sand and or gravel are placed at the bottom of the lysimeter to act as a filter 
between the lysimeter soil mass and the drain pipe. For water to pass between different 
soil layers of different texture, it must acquire a certain hydraulic head, which may result 
in an additional accumulation of soil moisture above the soil-buffer layer as well as above 
each boundary between soil layers of different texture. Many lysimeters are constructed 
of steel. Wall heating may cause a lag between the lysimeter ET and the amount of 
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drainage water observed within a given time, particularly during the morning and the 
opposite effect during the afternoon. Dugas and Bland ( 1991) found much greater 
apparent diurnal damping depths for soil temperature in small (0.25 m by 0.7 m by 1.7 m 
deep) and medium (0.5 m by 1.5 m by 1.7 m deep) lysimeters (0.21 m and 0.25 m, 
respectively) compared to a larger weighing lysimeter and the field soil (0.14 m and 0.12 
m, respectively) for bare soil conditions and steel-walled lysimeter. Concrete has been 
used for lysimeters, but concrete walls must be thicker than steel. 
Development of Kc Values 
Two widely used equations for daily (24-h) calculations are the modified 
Kimberly-Penman (Wright 1982, 1996; Hill1991) as applied to both alfalfa and grass 
and the ASCE Standardized Penman-Monteith (or derivative) (Allen et al. 1989, 1998; 
Jensen et al. 1990) as applied both to alfalfa and grass. The ET predicted for alfalfa 
reference (ETr) is greater than for grass reference (ETo). The alfalfa reference definition 
represents vegetation that is taller and has greater leaf area than clipped grass. Also, the 
alfalfa reference ET definition reflects larger values for both aerodynamic and surface 
conductance. Wright (1996), suggests that ETr is 125% ofETo. 
Crop coefficients are calculated from computed reference ETr, and measured 
actual crop ET, ETa, as determined from the lysimeter water balance (Hill 1994; Ervin 
and Koski 1998) by the following equation: 
K =ETa 
c ETr (6) 
in which Kc is the dimensionless ET crop coefficient for the particular crop at a particular 
growth stage and surface soil moisture condition. Wright (1982) reported observed 
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increases in Kc, due to increased soil evaporation whenever the soil surface was moist 
following rain or irrigation prior to full cover. However, effects of surface wetness were 
minor after full cover was reached, until the crop ripened and was harvested. 
Numerical Models 
In the field the description of infiltration is highly complicated since the initial 
and boundary conditions are usually not constant while the soil characteristics may vary 
with time and space (Haverkamp et al. 1977). In view of this, most efforts have in recent 
years been concentrated on seeking numerical solutions (Clement et a!. 1994; van der 
Ploeg 1974; Moncef et al. 2002; Staples 1966; Philip 1957) to predict the maximum soil 
depth which would be wetted during water infiltration from irrigation or rainfall falling 
on the soil surface. When describing the flow of water in unsaturated - saturated soil 
systems, Darcy's equation is generally used. According to Darcy's law, for one-
dimensional vertical flow, with the origin of Z (em) at the soil surface and positive in the 
downward direction, the volumetric flux q (cm3 H20 cm-2 soil s-1) can be written as (Klute 
1951): 
Q . aH q =- = -k * z = -K(B)-
A az 
(7) 
where Q/ A is the bulk or average flow in the direction of increasing distance z, 8 is the 
volumetric water content of the soil (cm3 H20 cm-3 soil), K(8) is the hydraulic 
conductivity ofthe soil (em s- 1) that varies with the water content 8, His the total head 
(em), i.e., is the sum of the pressure head h(8) and the gravitational head -Z, H = h-Z. 
Since H = h + z, the volumetric flux can be written as (Ross 1990; Lafolie 1991): 
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(8) 
Different methods exist for the measurements of the soil hydraulic conductivity. Smith et 
al. (1995) reported that saturated hydraulic conductivity values were larger from 
measurements performed on soil cores (5 em) than on in situ soil columns, and attributed 
the difference to the macropores short-circuiting flow in such smaller cores. A flux-type 
boundary condition is used for rain, sprinkler irrigation, or evaporation as long as soil 
infiltrability or evaporation capacity is respected. Applying the principle of continuity 
and representing the water uptake by the plant roots as a sink term, S ( cm3 H20 em -J soil 
s-
1), depending on the volumetric water content 8, the time rate of change of the soil 
water content is: 
ae = _ aq _ S(fJ) 
at az 
(9) 
where tis time (s) . 
A combination of Darcy's law with the continuity equation and the principle of 
mass conservation result in the basic differential equation, Richards equation, which for 
the one dimensional vertical soil-water flow can be written (Clothier and Green 1997; 
Vereecken et al. 1991; Huwe and van der Ploeg 1991 ; Mohanty et al. 1998; Huang et al. 
1996; Clement et al. 1994) as: 
ae = ~(K(fJ) aH) _ S(fJ) 
at az az 
(10) 
Equation 10 is a second-order, parabolic partial-differential equation which is nonlinear 
because of the dependence of the hydraulic conductivity, K upon the water content, 8. 
Substituting H = h-Z, assuming a single-valued relationship between hand 8 (i.e., no 
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hysteresis taken into account) Eq. 10 becomes (Roy et al. 2000; Mansell et al. 2000; 
Vauclin et a!. 1979). 
C(h) oh = ~(K(h) oh) + ~(K(h))- S(h) (11) 
at az az az 
where Cis the differential water capacity (d8/dh) (cm- 1), 8 is the water content(-), his 
the soil water pressure head (em), tis the time (s), K is the unsaturated hydraulic 
conductivity (em s-1) , Z is the vertical coordinate, positive upward (em), and Sis the root 
water extraction as a fw1ction of both space and time (cm3 cm-3 s-1). According to Vrugt 
et a!. (200 1 ), the benefits of such an approach are evident since it allows direct 
integration of root water uptake with transient soil water flow. It also provides natural 
interactions between transpiration and root water extraction, that is, as long as we know 
the mechanism with which to describe S. 
Richards' equation may be written in several forms, with either pressure head h 
[L] or moisture content 8 [L3 /L3] as the dependent variable. The constitutive relationship 
between 8 and h allows for the conversion of one form of the equation to another. Three 
standard forms of the unsaturated flow equation may be identified: the "h-based" form 
(Allen and Murphy 1985; Celia et a!. 198 8), the "8-based" form, and the "mixed" form 
(Celia eta!. 1998). These equations are written as: 
H-based: 
8-based: 
C(h) oh = \7 K(h)\lh + oK 
ot (}z 
88 = \7 D(B)\7 (} + 8K 
at az 
(12) 
(13) 
Mixed: 
ae = v K(h)Vh + aK 
at az 
17 
(14) 
where in Eqs. (12) to (14), C(h)=d8/dh is the specific moisture capacity function [1/L] ; 
K(h) is the unsaturated hydraulic conductivity [LIT]; D(8)=K(8)/C(8) is the unsaturated 
diffusivity [L2/T]; z denotes the vertical dimension, assumed positive upward; and, the 
porous medium is assumed to be isotropic. It is also assumed that appropriate 
constitutive relationships between 8 and hand between K and h (or K and 8) are 
available. van Genuchten (1980) developed the following relation which had been used 
widely by many researchers (Schaap et al. 1998; Cary et al. 1989; Hills et al. 1989b) 
<; - e - er - 1 [ ]/// '- e - ()s - ()r - 1 +(a I hI)" (15) 
(16) 
where m = 1 - 1/n. (17) 
8r and 85 are the residual and saturated water contents; Ks is saturated hydraulic 
conductivity; Se is effective saturation; and a and n are empirically fitted parameters. 
Investigations showed that average a values varied among textural classes and ranged in 
value from 1.1 for finer textures to 2.5 for course-textured materials (Arya et al. 1999). 
The Richards equation is difficult to solve because of its parabolic form in 
combination with the strong nonlinearity of the soil hydraulic function which relate the 
water content, soil water pressure head and hydraulic conductivity (van Dam and Feddes 
2000). Also the abrupt changes of soil moisture conditions near the soil surface, causing 
steep wetting (rain or irrigation) fronts in dry soils, or causing steep drying fronts 
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(evapotranspiration) in wet soils, may pose a problem. When a parcel of soil is saturated, 
the fluid pressure may be positive or zero. As the water pressure decreases below 
atmospheric pressure, little change in water content occurs until the air-entry pressure is 
reached. Decreasing the water pressure results in a decrease in water content. The 
relationship between the soil suction and water content is the soil characteristic curve. 
The soil moisture characteristic curve is strongly affected by the soil texture (the particle 
size distribution) and the soil structure. The relation between matric potential and soil 
moisture is not generally a unique and single valued relationship (Hillel1971). 
Therefore, numerical approximations are typically used to solve the w1saturated 
flow equation. The standard approximations that are applied to the spatial domain are the 
finite difference method and the finite element method. These are usually coupled with 
other methods, like simple one-step Euler time-marching algorithm. For any Euler 
method other than the fully explicit forward method, nonlinear algebraic equations result 
and some linearization and /or iteration procedure (example Newton methods) must be 
used to solve the discrete equations. According to van Genuchten (1982) the calculated 
soil water fluxes may depend largely on the structure of the numerical scheme and the 
applied time and space steps. 
Root Uptake 
Water uptake by roots can be represented by adding a volwnetric sink term to the 
continuity equation for soil-water flow (Feddes et al. 1976; Afshar and Marino 1978; 
Capehart and Carlson 1994 ). This sink term is often expressed as a product of the 
difference in pressure head between the soil and the root-soil interface, the hydraulic 
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conductivity ofthe soil and some empirical root function. Because of the amount of field 
work and experimental difficulties involved in determining this root function, attempts 
had been made to describe the sink term with more simple expression. In many 
approaches the sink term is considered to be a function of the soil water content, varying 
with the later according to the pressure heads generally known to be critical for water 
uptake by roots. 
A major problem encountered in any attempt at an exact physical description of 
soil-water uptake by plant roots is the inherently complicated space-time relationship 
involved (Clothier and Green 1997). Roots grow in different directions and spacing, and 
at different rates. Also, they exhibit sectional differences in absorptive activity 
depending upon age and location. Moreover, old roots die while new ones proliferate at a 
rate which depends on the physical and chemical environment (such as temperature, 
moisture, nutrients, salinity, aeration, etc.) as well as the physiological factors. How the 
root systems of a plant senses the root zone as a whole and integrate its response so as to 
utilize soil moisture to the best advantage has long been a subject of great interest. 
Though transient soil water flow in the vadose zone is often simulated in one, 
two, and three spatial dimensions; root water uptake is generally considered simply to be 
a function of the vertical dimension only. For uniform crops with a spatially w1iform 
water uptake pattern, one-dimensional models' may suffice but for row crops and tree 
lines, for example, a two dimensional representation would be better. For isolated trees, 
the process of water uptake is complex, and a three-dimensional representation would be 
appropriate (Vrugt et al. 2001) 
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Root Distribution 
Spatial distribution of plant roots is an integral pari of water extraction functions 
and models. Root distribution can be expressed in several ways, such as root percentage 
distribution, root density distribution and root length density distribution. Phene et al. 
(1991) noted that it is especially important to define these root parameters, since it is 
believed that the type of irrigation may limit the wetted volwne and therefore the extent 
of root development. Root distribution has been found to depend mostly on the 
availability of water, type ofinigation, and crops and soil type (Kamara eta!. 1991; 
Phene et al. 1991 ; Zhang and Elliott 1996) 
Although it is important to understand the root distribution, the relationship 
between root distribution and uptake is complicated by the fact that the volume or mass 
ofroots in a given location does not necessarily reflect the ability to absorb water. Pages 
et al. (1989) stressed that in order to develop models for soil plant systems, it is essential 
to describe the spatial distribution of roots over time. A major problem usually 
encountered in any attempt to accurately describe the soil water uptake by plant roots is 
complicated by the inherently complex space and time relationship involved. This is 
because roots grow in different directions and spacing, at different rates and even show 
sectional differences in uptake, depending upon age ar1d location (Hillel et al. 1976). The 
detailed geometry of a crop rooting system is difficult to measure and is time dependent. 
Roots require a balance between air, water and nutrients. Roots systems are 
characterized by very high adaptability, and their growth and development involves 
complex interactions between both the soil environment and the shoots. 
21 
Parametric Root Distribution Model 
A root function distribution model presented by Gerwitz and Page ( 197 4) which 
expresses the percentage of roots in a given soil horizon in a one dimensional situation is 
given by the following equation: 
dP - ft+ c 
-=e 
dx (18) 
where dP is the percentage of roots within a soil horizon of thickness dx at a depth x 
(em), and f and care empirical constants. The equation can be integrated to represent the 
percentage of roots between the surface and any depth x as: 
P = 1 00(1- e -!' ) (19) 
Mathematical Flow Model 
Fluid flow in unsaturated porous media is often modeled using the Richard ' s 
equation (Miller et al. 1998) and closed by constitutive relations that describe the 
relationship among fluid pressures, saturation, and relative permeabilities. A common set 
of constitutive relations used to close Richard's equation is the van Genuchten (1980) 
relation that describe the interdependence of fluid pressure and saturation and the 
Mualem (1976) relation to describe the interdependence between fluid saturation and 
relative permeability. Because ofthe nonlinearities involved, Richard' s equation is often 
solved using low-order numerical approximation methods, such as finite difference or 
firute element methods. 
Many water flow and solute transport problems near the soil surface can only be 
solved numerically due to the soil heterogeneity, nonlinearity of soil physical properties, 
non-uniform root water uptake and rapid changing boundary conditions (van Dam and 
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Feddes, 2000). Water flow in the vadose zone is predominately vertical, and can be 
simulated as one-dimensional flow in many applications (Romano et al. 1998). By 
running the one-dimensional model at various locations, horizontal variability of 
meteorological conditions, crop characteristics, soil properties and drainage conditions is 
accommodated and regional water and solute balances can be determined (Bresler and 
Dagan 1993; Hopmans and Stricker 1989) 
The importance of numerical simulation models of water flow and solute 
transport in unsaturated soils is that they are important tools in environmental research 
and policy analysis. The Richards equation for variably saturated soil water flow has a 
clear physical basis, thus the equation is generally applicable and can be used for 
fundamental research and scenario analysis (van Dam and Feddes 2000). However, 
calculated soil water fluxes may depend largely on the structure of the numerical scheme 
and the applied time and space steps (van Genuchten 1982; Romano et al. 1998; Celia et 
al. 1988). Another problem on the numerical solution of the Richards equation, is the 
computation time needed to achieve accurate solutions for heterogeneous soils with 
abruptly changing wetness conditions (Miller et al. 1998). 
The nonlinearity of Richards equation, the complex nature of the pressure-
saturation-hydraulic conductivity relations, including hysterisis, and the heterogeneous 
nature of subsurface systems combine to make numerical approximation approaches the 
most common way of solving Richards equation. Many reports of approximate 
numerical solutions to the Richards equation have appeared in the literature, with low-
order finite difference (Hanks and Bowers 1962; Celia et al. 1990) and finite elements 
(Celia et al. 1990) being the most common methods. 
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Although considerable progress has been made in developing theory to describe 
moisture flow in unsaturated soils using numerical models (Hills et al. 1989a), this 
moisture movement is still a complicated and not easily understood matter. A good deal 
of mathematics, physics, and computer science is required to understand the principles 
and solutions of such equations applied to infiltration problems. 
Numerical models offer an accurate prediction of the wetted soil volume 
dimensions but they remain less practical because of their complexity, cost and the 
difficulty of reproducing the ponded area extension on the soil surface (Lafolie et al. 
1989). Some equations inferred from numerical results (Healy and Warwick 1988) could 
be useful but they need to be validated against experimental values. 
Analytical solutions describing soil moisture distribution are often preferred over 
numerical models because: i) their parameter requirements are modest; ii) they provide 
insight and direct link between input parameters and soil water conditions; iii) they 
provide a general framework that facilitates the formulation of useful management 
guidelines (Coelho 1996). Furthermore, analytical solutions facilitates sensitivity 
analysis and enable direct incorporation of soil and plant variability. However, 
development of analytical solutions requires many simplifYing assumptions, which may 
limit their applicability to real field conditions. Analytical solutions simulating water 
flow in the soil should be capable of considering temporal variations in soil water status 
and changes in plant extraction patterns, and should provide a more realistic 
representation of field conditions. 
CHAPTER III 
THEORETICAL CONSIDERATIONS 
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The accuracy of turf grass consumptive use (ET) measurements using lysimeters 
is generally dictated by the intended measurement period, hourly, daily, or weekly time 
period. For non-weighing drainage lysimeters, it is very difficult to measure the change 
in moisture content, which is easily done in weighing lysimeters by monitoring the 
change in mass, unless devices like; 1) the neutron probe, 2) gypsum blocks, 3) time 
dormain reflectometers (TDR), or 4) water mark sensors, are placed inside the lysimeters. 
These devices however, have disadvantages in smalllysimeters as they may cause short 
circuits, resulting in preferential flow pathways. For these reasons, longer periods 
(weekly measurements) are preferred because the change in storage term in the lysimeter 
equation can be neglected, leaving only the easily measurable terms in the equation. Also 
it is assumed that irrigation events return the soil to field capacity. 
Hourly measurements ofturfgrass consumptive use (ET) in non-weighing 
lysimeters are difficult to make, and for weighing lysimeters (Phene et al. 1991) noted 
that when the lysimeter is irrigated frequently, the water added from an external source 
increases the mass of the lysimeter simultaneously with decreases occurring from ET, a 
major drawback in weighing lysimeters. Lysimeters have been vital in the development 
and or improvements of many crop coefficients. Pruitt (1991) noted that a particular 
difficulty in the use of lysimeters to obtain crop coefficients relates not so much to the 
determining of reference ET, but more to the measurement of the ET of the crop of 
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concern. The evaluation of water consumption in drainage lysimeters is made through 
the equation of soil water balance. 
Soil Characteristics 
Soil pores do not resemble uniform and smooth tubes, which form the basis of 
Poiseuille 's law (Or and Wraith 1999). In most cases soil pores are highly irregular, 
having an intricate geometry that prohibits microscopic description of the flow pathways. 
It is for this reason that flow in soils and other porous media is generally described using 
averaging terms, where the detailed flow pattern is replaced by an equivalent average of 
the microscopic velocities crossing a plane in the porous mediw11. Most commonly, flow 
regimes under field situations are unsaturated and non-steady, where the water content, 
the matric potential, and the flux vary as functions of time and space. 
Since the movement of water in the soil is relatively slow, its kinetic energy can 
be neglected. The major energy components that affect mass flow are the gravitational 
and pressure potentials, sometimes known as the capillary potential, matric potential , 
soil-water suction or tension. In most cases, the energy is expressed, the hydraulic head, 
H, (energy per unit weight) which is the sum of pressure and gravitational potentials 
(Gardner 1 957), Eq. (20). 
H pw h =--+z= +z (20) 
Pwg 
where Pw is the pressure of water, Pw is the density ofliquid water, g is the acceleration 
of gravity, his the fluid pressure head, and z is the gravitational potential or the vertical 
distance from a given reference datum. The water pressure datum is normally taken as 
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the free water surface under atmospheric conditions. The pressure head formulations 
have been preferred by most researchers since these formulations can be applied to 
saturated flow in layered soils (Hills et al. 1989a). 
Saturated- Unsaturated Flow 
When describing the flow of water in unsaturated- saturated soil systems, 
Darcy's equation is generally used. According to Darcy's law, for one-dimensional 
vertical flow, with the origin of z (em) at the soil surface and positive in the downward 
direction, the volumetric flux q (cm3 H20 cm-2 soil s-1) can be written as (Klute 1951): 
(21) 
where Q/ A is the bulk or average flow in the direction of increasing distance z, 8 is the 
volumetric water content of the soil ( cm3 1-hO em -J soil), K(8) is the hydraulic 
conductivity of the soil (em s- 1) that varies with the water content 8, His the total head 
(em), i.e., is the sum of the pressure head h(8) and the gravitational head, -z, H = h-z. 
Since H = h + z, the volumetric flux can be written as (Ross 1990; Lafolie 1991 ): 
(22) 
A flux-type boundary condition is used for rain, sprinkler irrigation, or evaporation as 
long as soil infiltrability or evaporation capacities are respected. Vetiical infiltration has 
usually been considered to be of greater practical importance than horizontal infiltration, 
because the effects of gravity significantly increase the rate of long-term liquid 
movement and consequently the region of liquid penetration. 
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The infiltration process into lysimeters can be compared and described based on 
the Green and Ampt approach (Kao and Hunt 1996; Moncef et al. 2002). In applying the 
Green and Ampt approach, certain assumptions are made: 1) a distinct wetting front 
exists such that the water content behind (80 ) remains constant, and abruptly changes to 
initial water content (8i) ahead of the wetting front; 2) the soil in the wetted region has 
constant properties (water content 80 , hydraulic conductivity Ko, and hydraulic potential, 
h0), and 3) the matric potential at the wetting front is constant and equals hr. Of the many 
models in existence, the Green and Ampt formulation requires the least parameterization, 
which explains in large part its success: the reduction in measurement errors tend to 
balance the errors due to the assuming of a step function moisture profile. This suggest 
that simple equations based on easily determined fluid and porous medium properties 
have predictive capabilities that rival more complicated (numerical) models . 
Infiltration Process 
Redistribution of moisture following infiltration into a dry soil is complicated by 
hysteresis in soil moisture tension and conductivity. When the flux at the soil surface 
falls to zero, water continues to move downward under hydraulic gradients so that the 
soil in the upper profile is drying, as the moving moisture gets replaced by air and that in 
the lower profile is wetting as air pockets are being filled with moisture. The magnitude 
of hysteresis effects are not easily assessed, partly because of the difficulty in knowing 
simultaneously the magnitude of the tension and conductivity. Ideally, such 
measurements for both wetting and drying should be made on soils of fixed bulk density 
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and particle size distribution, a condition which is not possible under field situations, and 
they should cover a wide range of moisture contents from air-dry to saturation. 
The flow of water in a 1 ysimeter can be compared to that of a cylinder 
infiltrometer used to infiltrate water continuously into unsaturated soil, where one finds 
that after some time, the soil below the area becomes almost saturated and that the 
wetting front is a rather sharp boundary between wet and dry soil. Considering a point 
just above the wetting front at a distance Zi below the soil surface in the area where the 
water infiltrates, the matric head of the soil at this point has a (small) value hm. The head 
at the soil surface equals Zi+h, where his the hypothetical height of the water above the 
lysimeter. The head difference between the point at depth Zi and a point at the soil 
surface equals zi+h+hm, and the average hydraulic gradient (s) between the two points can 
be given by: 
z,. + h+h S= m 
Z; 
(23) 
If Zi is large enough, s approximates unity and from Darcy's law: 
dh 
q=v=-K-
dz (24) 
where q = v, is the apparent velocity of water flow in the soil [LIT], K the hydraulic 
conductivity [LIT] , z is the distance in the direction of water flow [L], the mean flow 
velocity in the wetted soil below approaches the hydraulic conductivity (v = K), provided 
it is assumed that the wetted part of the soil is practically saturated. The above relations, 
assumes that a certain (hypothetical) depth of water above the lysimeter is maintained 
constant, which is not done in practice. 
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In practice, as the water is applied either by rain, irrigation, or manual wetting, it 
disappears by the process of infiltration, and the height of water h considered in the above 
equations is neglected, and instead the depth to the wetting front is compared to the entire 
depth of the lysimeter, as shown in Eq. (25), below: 
(25) 
where Zifc is the depth of water infiltrated [L ], ZL is the depth of the lysimeter or the soil 
column [L], and <'18 is the change in water content i.e. the difference between the water 
content at field capacity and that at the time of irrigation, precipitation or manual wetting. 
It is assumed that once the soil is saturated, it will drain until field capacity is reached 
where drainage is then considered zero. This equation is valid if the water applied has 
wetted the entire soil column without drainage to filed capacity. The depth of wetting Zi , 
for Zi <= ZL, is given by Eq. (26) below: 
VolumeAdded Voladd 
z . = =--
1 AreaojLysimeter A1Y·' 
(26) 
where the volume added is the sum of the precipitation and irrigation. The depth of 
drainage can be determined from the difference between the depth of wetting Zi and the 
depth to field capacity Zifc· The case when Zirc is greater than Zi indicates no drainage as 
the difference becomes negative. 
In general, the description of infiltration is highly complicated since the initial and 
boundary conditions are usually not constant while the soil characteristics may vary with 
time and space. If the soil column is considered to be semi-infinite and with initial 
uniform water content, the boundary conditions are constant with time, the flux at the 
surface can not exceed saturated conductivity, otherwise there will be runoff. Hence, 
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most efforts have in recent years been concentrated on seeking numerical methods 
(Clement et al. 1994; Staples 1966; Philip 1957; Fluhler et al. 1976; van Genuchten 
1982). 
The water flux or Darcy velocity can be calculated using Eq. (26) and the mean 
apparent/pore water velocity using Eq. (27), which is: 
VolumeAdded q=-----
A * t 
(27) 
q 
v=-
!1() (28) 
where q is the water flux velocity (m/min); A is the area of the lysimeter (m2); tis the 
time taken for water to emerge at the bottom of the lysimeter (time to the begirming of 
drainage) ; v is the mean apparent/pore water velocity (m/min); and 1'18 is the water 
content at the time of watering. 
Turf Grass Water Use 
Ervin and Koski (1998) suggested inigating KBG in Colorado every three days 
by adjusting ETr with a crop coefficient of 0.70 and a tall fescue (TF) coefficient of 0.60. 
Meyer and Gibeault (1987) reported that tall fescue quality, when irrigated at 60% of 
wind modified pan-evaporation, was not significantly different from its quality when 
irrigated at 100% of pan-evaporation. Feldhake et al. (1985) performed a deficit-
irrigation study comparing the drought resistance of 'Merion' KBG and Rebel tall fescue 
grown in 23 em deep sand-filled lysimeters. Both turfs maintained acceptable quality at 
an irrigation replacement level of 73% of potential ET or greater. Fry and Butler (1989) 
demonstrated that field-grown Rebel tall fescue maintained acceptable quality when 
watered every 2 days at 50% of (tall fescue) potential ET or when watered every 7 days 
at 75% of(tall fescue) potential ET. 
Carrow (1996) reported water extraction patterns and root length densities for 
'Rebel II ' tall fescue grown on sandy loam in Georgia under a number of dry down 
cycles. His data indicated that as soil moisture from the top 20 em was depleted, the 
amount of water extracted from the 20 to 60cm increased, even though only 10% of the 
roots were this deep. The data clearly provided evidence that small an10unts of roots 
deep in the soil contributes substantially to a plant's ability to avoid drought. 
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CHAPTER IV 
METHODOLOGY 
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The procedure, materials, and discussion of the field work during 1991 - 2002 
growing season at the Logan Golf and Country Club, during November 2001 - 2002 
growing season at the SunBrook Golf Course, and 2002 growing season at both Murray 
Golf Course and Spanish Fork Farm are presented in this chapter. The field procedure 
was divided into two parts, 1) weekly visits to measure the amount of irrigation and 
rainfall water collected in the rain gages (considered as water input to the lysimeters) and 
the depth and volume of drainage water collected in the bucket, and 2) the wetting 
experiment. The presented discussion in thi s chapter addresses mainly objectives 1 and 
2. 
Experimental Site Description 
Two non-weighing (drainage) lysimeters were installed at four sites in Utah. 
These sites are: Logan Golf and Country Club, the Murray Golf Course, the Brigham 
Young University (BYU) Spanish Fork Farm, and the Sunbrook Golf Course (St. 
George). The lysimeters at the Logan Golf and Country Club were installed in the fall of 
1990. The first season of data collection began in spring 1991 and has continued to the 
present. The lysimeters at the SunBrook and Murray Golf Courses were installed in 
November 2001 and data collection began in early 2002. At the (BYU) Spanish Fork 
Farm the north lysimeter was installed in April 2002 and the south lysimeter in May 
2002. A summary of the date the lysimeters were installed, the length of the available 
weather data, and the duration of the lysimeter data for 2002 season is given in Table 1. 
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Table 1. Date ofLysimeter Installation, Period of Available Weather Data, and Available 
Lysimeter Data at Logan, Murray, Spanish Fork, and Sunbrook, 2002 Season. 
Site 
Logan 
Murray 
Date Lysimeter Installed 
East- Sept.14, 1990 
West- Sept.17, 1990 
November 16, 2002 
Spanish Fork North- April 9, 2002 
South- May, 2002 
Sun brook November 15, 2001 
Available Data 
Weather a Lysimeter 
J an.1 - Dec. 31 Mar 25 - Oct. 14 
Jan. I - Dec. 31 May 4- Oct. 14 
CC: Jan.l- Dec.31 May 10- Oct.l8 
BIE: Aug.23-Dec.3 1 
Feb.22 - Dec.31 Nov.15 , 2001·-Nov.l9 
Note: a CSJ- CRl OX at Logan, Murray, and Sunbrook, and CRI 0 at Spanish Fork 
CC for Utah Climate Center, BIE for Biological and Irrigation Engineering 
At Spanish Fork, first installed weather station was managed by the Utah Climate Center. 
After having problems with obtaining data, BIE personnel set up a parallel station (next 
to the Climate Center station). 
The Logan Golf Course is situated on the eastside of Cache Valley in Northern 
Utah (Logan, UT: Latitude 41 °46' N, Longitude 111 °48' 11 "W, and elevation 1460 m 
(4790 :ft). The Murray golf course is located at latitude 40° 47'N and longitude 111 ° 58' 
W at an elevation of about 1288 m (422.5 :ft). Spanish Fork Farm is located at latitude 40° 
5'N and longitude 111 ° 36' W at an elevation of about 1439 m (4720 :ft). The Sunbrook 
golf course is located at latitude 37° 6'N and longitude 113 ° 34' W at an elevation of 
about 845 m (2770 :ft). The method of irrigation is by sprinklers in all cases. 
At the Logan Golf Course, the turf is a Marion Kentucky Blue Grass (Poa 
pratensis L. var. 'Merion'), cut at 3.81 em (1112 inches) in the rough, where the 
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lysimeters are located, and at 1.91 em(% of an inch) in the fairways. In summer, 
irrigation is about every other day, three times a day, each irrigation lasts about 13 
minutes. At the SunBrook Golf Course, the turf is a mixture of Perennial Rye grass 
(Loliurn perenne L.) (Palmer I Prelude) mixed with some common Bermuda grass 
(Cynodon dactylon, L). The grass is cut about once a week at a height of about 2.86 em 
(1.125 inches). In summer the frequency of irrigation is about daily, with a gross 
application of about 0.46 to 0.61 em (0.18 to 0.24 inches). 
At Murray Golf Course, the turf is Kentucky Blue grass (Po a pratensis L. ), cut at 
about at 3.81 em (1 1/2 inches). The frequency and amount of irrigation depends on 
weather data. Normal mid-summer irrigation is about 1.27 em (112 inch), three times per 
week. At Spanish Fork Farm, the turf is Kentucky Blue grass (Poa pratensis L.). The 
lysimeters are located 45 m apart and 1.5 m away from a surface sprinkler lateral pipe. 
Sprinklers are placed about 6 m (20 feet) apart. 
The management of the lysimeters (irrigation, fertilization and cutting of the 
grass) at all the sites was done by the golf course manager or the farm manager in case of 
Spanish Fork Farm, and was the same as surrounding areas. The site maps for the 
location of the lysimeters are shown in Fig. 2 to Fig. 5, respectively, for Logan, Murray, 
Spanish Fork, and Sunbrook. 
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Soil Description 
Logan Gol[and Country Club 
The soils at the Logan Golf and Country Club are Ricks gravelly loam, 0 to 3 
percent slopes (RhA) (USDA-Soil Survey 1974). The site is situated on rather narrow 
lake terrances and broad deltas along the eastside of Cache Valley. The soils are fairly 
easy to till, but very gravelly from 38 to 76 em (15 to 30 inches) depth. Permeability is 
moderately rapid, 5 to 16 cm/hr (2- 6.3 inch I hr) . Runoff is slow, and the hazard of 
erosion is slight. Water holding capacities range from 8 to 10 em (3 to 4 inches) to a 
depth of 1.5 m (5 feet) . 
Murray Gol[Course 
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The soil at Murray Golf Course is not original as top soil had to be brought from 
other areas and has a different description from the surrounding soils. During digging, at 
the installation of the Jysimeters it was observed that the soils are river bottom sands, 
gravel and rock capped with 20 to 25 em (8 to 10 inch) of clay loam top soil. The general 
description of the original soil is a mixed alluvial type (USDA-Soil Survey 1974), on 
slopes of 0 to 3%. Mixed alluvial soils are a miscellaneous type that consists of 
somewhat poorly drained and poorly drained, highly stratified alluvium. It is undulating 
on recently deposited flood plains and stream meander belts adjacent to the Jordan River. 
Texture ranges from clay to sand, and commonly there are gravelly strata. Mottles occur 
within 3 0 inches of the surface. Runoff is slow and the hazards of erosion are moderate. 
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Spanish Fork Farm 
The type of soils are mainly silty clay loam of the Timpanogos series. The series 
consist of deep, well-drained, and moderately well drained soils (USDA-Soil Survey 
197 4 ), on slopes of 0 to 3 percent. The surface layer ranges from 18 to 25 em (7 to 10 
inches) in thickness. Some fine gravel is on the surface in places, and gravel and sand is 
commonly below a depth of 114 em (45 inches). In some places are scattered Kidman 
very fine sandy loam soils and Parleys soils that have a silty clay loam subsoil. 
SunBrook Golf Course 
The soils at the SunBrook Golf Course are Junction fine sandy loan1, 1 to 2 
percent slopes (JaB) (USDA-Soil Survey 1977). The Junction series consists of well-
drained soils on alluvium washed from sandstone and shale. In a representative profile 
the soil is red fine sandy loam to a depth of 1.5 m (60 inches) or more. Runoff is slow, 
and the hazard of erosion is moderate. Permeability is moderately rapid. Available water 
capacity range from 15 to 20 em (6 to 8 inches) to a depth of 1.5 m (5 feet). 
J nsta.lled Lysimeter 
The lysimeters are steel tanks 1m2 by 0.46m (40 inches square by 18 inches) deep 
at Logan Golf and Country Club and 1m2 by 0.76m (40 inches square by 30 inches) deep 
at Murray, Spanish Fork, and Sunbrook, with a perforated 76 mm (3 inch) diameter 
drainage pipe placed diagonally across the bottom (Fig. 6), covered with sand, with an 
outlet in the corner. They were fabricated from 2.4 mm (3/32-inch) thick steel. The 
lysimeters are placed in holes with gravel and sub-surface gravel and topsoil replaced to 
approximate the natural condition and then sod of turf placed on top. Irrigation and 
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rainfall was measured with 102 mm ( 4-inch) diameter rain gauges placed in 153 mm (6-
inch) diameter pipes sunk into the ground outside of the lysimeters at opposite comers. 
Drainage water was collected in a 25 liter (6 gallon) bucket, initially 20 liter (5 gallons) at 
the Logan Golf and Country Club until 2001, located in a manhole well adjacent to each 
lysimeter with the top about level with the ground surface. 
The manhole is a 380 mm (15 inches) diameter polyvinyl chloride (pvc) 80 
pounds per square inch (psi) pipe sunk vertically in the ground to a depth of about 1.32 m 
(52 inches). The pipe connecting the lysimeter to the manhole is a 32 mm (1 1/4 inch) 
steel pipe at SunBrook, Murray and Spanish Fork Farm, and 25 mm (1 inch) pvc pipe at 
the Logan Golf and Country Club. 
Raingage 2 
Fig. 6. Plan view of the installed lysimeter 
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The top of the manhole is covered with a steel lid 3 94 mm (15 Yi inches) in diameter to 
prevent rainfall and irrigation water from entering. A typical cross-section view of the 
lysimeters is shown in Fig. 7. The length of the drainage outlet is 74 em (29 118 inches) 
of which about 5.4 em protrude to the manhole. The drainage bucket is about 43.2 em 
(17 inches) high, with a top inside diameter of28.73 em (11 5116 inches) and a bottom 
inside diameter of25.72 ern (10 1/8 inches). 
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Fig. 7. Cross-section diagram of the lysirneter as installed in the field at Logan (depth of 
lysimeter is 46 em), Murray, Spanish Fork, and Sunbrook 
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The lysimeters are 45.72 em deep at the Logan Golf and Country Club and 76.2 
em at the other sites. The depth of the lysimeters at Murray, Spanish Fork and Sunbrook 
is much greater than the reported depth of turf grass root systems, 3 0.48 em to 3 8.1 em 
(12 to 15 inches) in the literature. The lysimeters therefore can not be considered limiting 
to the rooting depth. Turfgrasses may exhibit high drought avoidance by developing a 
deep, extensive, viable root system and by possessing morphological or physiological 
features that reduce evapotranspiration (ET) losses. Carrow ( 1995) observed that non-
limited soil moisture and a limited root system inherent in shallow-lysimeters, less that 
the crop rooting depth, may result in ET data different from surrounding crops. 
Weather Data 
Weather data were collected using a Campbell Scientific (Campbell Scientific 
Inc.) electronic weather station (EWS). These were a CR1 OX at the Logan Golf and 
Country Club (CR21 prior to 2001), Murray Golf Course and SunBrook Golf Course, and 
a CR1 0 at Spanish Fork Farm placed in close proximity to the lysimeters. The weather 
data was required for calculating ET with a Penman type equation alfalfa reference crop 
water use for the turf using the 1982 Kimberly Penman (Wright 1982) equation in Crop 
Simulation Model (CRPSM) (Hill 1997). Another reference crop ET calculation model, 
REF-ET (Allen 2000) was used for comparison. Some weather data from each station 
were available on an hourly basis, though daily basis was used in all the calculations. 
The collected data from the weather stations included daily maximum and minimum air 
temperature, average soil temperature, maximum and minimum relative humidity, 
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average wind speed and total solar radiation. These data are required as input into the 
reference ET equations. 
In CRPSM, a solar radiation calibration factor is an option, and a daily wind 
travel limit can be specified. REF-Et does not have such f1exibility, and solar radiation 
and the average wind speed had to be factored outside ofREF-Et before use. 
Rainfall, Irrigation, and Drainage 
Data Collection 
Generally, data collection was initiated in the spring after snow melt and 
continued on into late fall or early winter, until significant snow cover on the ground. 
The period of measurement for turf-grass water use varied from year to year, as affected 
by the occurrence of snow in the spring and fall but was generally from mid April to late 
October. 
Weekly visits were made to the lysimeter sites beginning in early spring. 
Depending on the amount of drainage, these became twice weekly in late May to August. 
At each visit, water collected in two rain gauges, placed on opposite corners of each 
lysimeter, was recorded and water depth and /or volume collected in the drainage bucket 
were measured using a tape measure or a graduated cylinder. 
The depth of water collected in the drainage bucket was measured with a tape 
measure at opposite sides of the bucket , converted to an equivalent surface water depth 
collected over the lysimeter surface area using a calibration formula developed according 
to the shape and size of bucket used (Appendix C). In addition, the volume of drainage 
water was double-checked occasionally using a 500 ml measuring cylinder, to verify the 
calibration bucket formula. 
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Daily visits, mainly Monday- Friday, to the lysimeters at the Logan Golf and 
Country Club were made from June 24 to October 14, 2002, when the wetting experiment 
was begun. 
Wetting Experiment 
The purpose of wetting the lysimeters was to ensure that there was drainage from 
the bottom of the lysimeters. This served to prime the lysimeters, removing any trapped 
air that might obstruct the flow of water during infiltration. By knowing the amount of 
water added and the amount drained at the bottom, the lysimeter equation can be solved 
for short time period. 
The lysimeters were wetted with a known volume of water and drainage timing 
and amount observed. Drainage timing was measured with automated tipping bucket rain 
gages, connected to a data logger, with tips recorded every ten seconds and readings 
totaled after every ten minutes. Two standard 152.4 mm (6 inch) diameter tipping rain 
gages (TE 525, Texas Instruments Inc.; Texas), coru1ected to a CSI 21X data logger were 
placed in each drainage manhole to record the change in drainage discharge with time. 
The TE525 is an adaptation of the standard Weather Bureau tipping bucket rain gage. Its 
output is a switch closure for each bucket tip. The design precision varies with the 
rainfall rate. If the rainfall rate is up to 2.54 cm/hr (1 in./hr), the precision is +-1 %, if it is 
between 2.54 and 5.08 cm/hr (1 to 2 in./hr), the precision is+ 0% down to -3% and for 
rainfall rates between 5.08 to 7.62 cm/hr (2 to 3 in./hr), the precision ranges from +0% 
down to- 5%. 
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Readings were stored in the 21 X data logger in counts, which were then converted 
to volumes based on calibration cmmt rates. Before the tipping bucket rain gages were 
placed in the lysimeters, they were first calibrated using known volume of water, adjusted 
for different discharge rates. The results of the calibration are presented in chapter V. 
The drainage ratio was determined as the ratio ofthe volume of the water drained 
to the volume added. The drainage ratio can be used to estimate the moisture content at 
the time of irrigation or rainfall. \Vhen the ratio is small, it indicates an initially dry soil 
and when high, a wet soil, or problems with the drainage system like a short circuit. 
Problems with Drainage Water Collection 
Problems were encountered during the data collection of drainage water from the 
lysimeters at Murray Golf Course and Spanish Fork Farm. At the beginning of drainage, 
when the outflow was small, because of the thickness of the outlet pipe and probably due 
to surface tension, water stuck on the pipe and flowed under the pipe instead of falling in 
the test raingages to be caught in the bucket. To correct this situation, thin wire was tied 
around the drainage pipe outlet at Murray and small stones were places inside the pipe at 
Spanish Fork to break the tension. Tying wire in these locations created other problems. 
Each time a measurement was performed the bucket had to taken out and the wire 
removed. Stones on the other hand were moved by the water when the discharge 
increased and could not maintain the desired purpose. 
At SunBrook, plastic bottles were cut and shaped to direct the water. No spillage 
was observed except in cases when measurements had to be taken to prevent 
submergence of the bucket. During measurements, the outlet of the drainage pipe was 
blocked with a rubber stopper to avoid spillage. 
Water Use Estimate for Turf Grass 
The water balance equation used for turfgrass growing in the lysimeters is given 
by: 
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P +I = ET + DP + Ra + !1S (29) 
where P is precipitation, I is Irrigation, ET is evapotranspiration, Dp is drainage, Ro is 
surface rw1off, and !1S is the change in soil moisture storage. The runoff component can 
be considered zero/negligible because the lysimeters are on almost level surfaces and the 
turf generally forms a dense mat. Also, the lysimeter wall is slightly above the soil 
surface. Over a long period (seasonally), the change in water content of the root zone is 
likely to be small in relation to the total water balance (Hill 1991; Walter et a!. 1991 ), in 
which case the sum of rainfall and irrigation is approximately equal to the sum of 
evapotranspiration and deep percolation, which can then be solved for ET to give: 
(30) 
Turfgrass crop coefficients were estimated as the ratio of estimated actual turf 
evapotranspiration to the reference equation, as presented in Eq. (6). The reference 
equations used were the Kimberly Penman 1982 equation with a 100 and 132 miles per 
day wind limit in CRPSM (Hill 1997) and the ASCE standard Pe1m1an Monteith equation 
ETr in REF-ET (Allen et al. 2000). 
Parametric Lysimeter Model 
Model Overview 
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The parametric lysimeter model developed for this study simulates the daily soil 
water balance under non-weighing drainage lysimeter conditions. It calculates daily soil 
water depletions from ETr, using weather data from an electronic weather station. It uses 
the 1982 Kimberly Penman equation to calculate ETr. The calculated ETr is multiplied 
by a crop coefficient to determine an estimate of the actual crop water use. The reference 
equation can be changed either to the 1982 Kimberly, ASCE PM ETr, or the F A056 PM 
ETo equations (Appendix B). 
Meteorological data is required for estimating actual ET. First an estimate of a 
potential or reference ETr is necessary. Factors, which limit the attainment of this 
potential, or reference ETr are then induced in the estimate. A crop coefficient (Kc) is 
required that, when multiplied by the reference, ETr or ETo, gives an estimate of the crop 
evapotranspiration (ETc). Methods for estimating reference ET are available in the 
literature (Wright 1982, 1996; Jensen et al. 1990; Allen et al. 1998; Evett et al. 1995). 
To understand and accurately model the change in soil water under non-weighing 
drainage lysimeter conditions, an adequate prediction of evapotranspiration (ET) is 
needed. Under natural rainfall regimes and various vegetative covers, actual ET is often 
less than potential ET (Saxton et al. 1974). 
The model calculates a one-dimensional, daily soil water depletion. It simulates 
the change in soil water storage from varying rates of input (infiltration) and output 
(evapotranspiration and deep drainage) of water in response to climate and 
rainfall/irrigation w1der non-weighing drainage lysimeter conditions. A detailed 
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description of the equations and the data set required and used in the model is presented 
in the following subsections. 
Equations Used in the Model 
The accuracy of a numerical simulation of water flow in soil systems depends on: 
1) how well the mathematical model describes the physical situation; 2) the numerical 
technique used to solve the equations in the mathematical model; and 3) the accuracy of 
the parameters used in the mathematical model. The model is based on the general 
lysimeter water-balance equation: 
(31) 
where P is the precipitation (nun), I is the amount of water added by irrigation ( mm ), 
SW 1 is the water content in the root zone at the end of the previous day (mrn), SW2 is the 
water content in the root zone at the end of day (mm), Dp is the depth of water lost as 
deep drainage (mm), and ET is the actual crop evapotranspiration (mm). Combined 
precipitation and irrigation represent infiltration in the model, the amount of water 
entering the soil, and were not separated in this model. Evapotranspiration represents the 
amount of water leaving the soil by surface evaporation and through the plants by 
transpiration. Deep drainage is the amount of water moving below the root zone i.e. 
water moving out of the lysimeter, and storage represents the amount of water 
stored/retained in the root zone, which has been taken to be the depth of the lysimeter. 
Generally, rainfall, irrigation and, where applicable, capillary rise of groundwater can add 
water to the root zone and decrease the root zone depletion. Depletion is the cumulative 
amount of water consumed by plants and lost as evaporation, which causes a moisture 
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deficit in the root zone. Soil evaporation, crop transpiration and deep percolation losses 
also remove water from the root zone and increase the depletion. In this work, capillary 
rise and surface runoff have been neglected, assumed to be zero. 
Over a long period of time, the value of the change in storage can be considered 
zero (i .e., t-.S = 0) when the amount of infiltrating water is in equilibrium with the 
depletion; however, it must be estimated for shorter time evaluation intervals. The 
equation for the change in root zone storage is : 
(32) 
where swi is the root zone depletion at the end of day i (mm), swi-1 is the water content 
in the root zone at the end of the previous day, i-1 (mm). Following sufficient rainfall 
and or irrigation, depletion is zero. The root zone moisture is considered to be at field 
capacity. The soi l water depletion of the root zone at any time t, is calculated from Eq. 
(33): 
Depl1 = Depl1_ 1 + ET -(I+ R) + Dp (33) 
where Depl1 is the depletion at timet (mm), Dep]1_1 is the depletion the previous time 
period (mm), l+R is the irrigation plus rainfall (mm), Dp is the depth of deep drainage 
(mm), and ET is the crop evapotranspiration (mm). The root zone depth was taken as the 
depth of the lysimeter. 
Rainfall and irrigation water entering the soil replenishes the soil water reservoir. 
If infiltration water exceeds field capacity of the soil root zone, the excess water tends to 
move downward through the soil, into deeper layers as deep drainage. Based on the data 
collected from the lysimeters, there are two unknowns from the lysimeter Eq. (31), 1) the 
change in storage, t-.S and 2) actual crop evapotranspiration, ET. In order to make the 
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equation solvable, one of the unknowns must be estimated, either the change in soil 
moisture or the crop water use. The crop water use is the best variable to estimate since it 
is related to the potential crop evapotranspiration, which can be calculated from 
meteorological data. 
ET Estimation 
The crop evapotranspiration ET is estimated from the potential or reference 
evapotranspiration, ETr, using time dependent crop coefficients, Kc. The equation used 
in the model is : 
(34) 
Reference evapotranspiration amounts are calculated from weather data, with the Penman 
type reference equation. The equations leading to the calculations of the reference ET are 
covered in detail by Wright (1982, 1996), Hill (1994), Jensen et al. (1990), and Allen et 
al. (1998, 2000) and are not repeated here. 
Available Water Capacity 
The available water capacity (A WC) is taken to be the fraction of water held 
between field capacity (FC) and permanent wilting point (PWP). The total water 
capacity and available water capacity are calculated from the following equations: 
FC = B1c * r; (35) 
PWP-B * 
- pwp r; (36) 
TAW= FC-PWP (37) 
AWC=p*TAW (38) 
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where ri is the root depth [L], 8rc is the volume water fraction at field capacity, 8pwp is the 
volume water fraction at permanent wilting point, TAW is the total available water and p 
is the fraction of total available water that is available for plant use, or "management 
allowed deficit". The model however, does not use permanent wilting point. The upper 
limit is field capacity and no lower limit was set (8pwp = 0). 
Estimation o(the Soil water Depletion 
Representing the crop evapotranspiration by Eq. (34), the change in soil water 
depletion, Deplt, becomes the only unknown parameter in Eq. (33) and was determined 
by making an initial estimate ofDepl1•1, as shown in Eq. (39); 
Depl, = Deplf-1 + KciETr- (1 + R) + Dp (39) 
where Kci represents an assumed crop coefficient, for O<Kci<l, and the rest of the 
parameters are as discussed previously. The crop coefficient was assumed. The turf is 
cut and maintained at a constant height, which makes the assumption of the Kc value 
reasonable. When there is no infiltration, there is no deep drainage, and the crop water 
use is the only factor which result in the change in soil water depletion. 
Order o(Execution 
The model flow diagram is shown in Fig. 8. The model begins with an initial 
estimate of the soil water depletion, and an initial value ofthe crop coefficient. The 
initial depletion is estimated from the first day of measured drainage. Then it performs a 
daily soil water depletion. 
Daily Input Data: 
Temperature, relative humidity, average wind speed, total 
solar radiation, Calculated KP82 ETr, ASCE ETr, FAO 56 
ETr 
Initial Soil Parameters: 
Initial estimate ofKc 
Root depth (LysZ), Ore, 01 
TAW= Or" * LvsZ 
.... 
First line of data I 
Is O, > Ore? 
~ r-----~------------------·--------
Dps = Oi * LysZ -TAW 
Depl,= Oi * LysZ 
SumETr = Su:nETr + ETr 
Dep1 2 = Depl 1+ETr+Dpm-(J+R) 
Ken = ((Dep12-Depl I )+(l+P)-Dpm)/SumETr 
Second line of data and > 
Is F > 0? 
SumETr, Depl, 
SumETr = SumETr + ETr 
Depl, = Depi 1+ETr+Dpm-(l+R) 
Dps = 0, Timed = 0 
Ken= ((Depi2-Depl I )+(I+P)-Dpm)/SumETr 
OUTPUT: Change in Soil Moisture 
Kc 
Drainage 
Fig. 8. Parametric soil water balance model flow chart 
FE = l+R 
Dpm = measured drainage 
Dps=O 
Depl,= Gi * LysZ 
SumETr = SumETr + ETr 
Depl , = Depi 1+ETr+Dpm-(I+R) 
Ken= ((Dep12-Depll )+(I+P)-Dpm)/S umETr 
SumETr, Depl; 
SumETr = Sum ETr + ETr 
!Jepl, = Depi 1+ETr+Dpm-(I+R) 
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Ken = ((Depi2-Depl l )+(I+P)-Dpm)/SumETr 
.. 
.. 
Timed=- (L-z)+h ln------/18[ z+h1 ] 
K 1 L+hr 
Is Dpm > 0 
Dps > 0 
~------~--------------------------
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The equations are as follows: 
e = initial moisture content 
Kci = initial estimate of the crop coefficient 
Depbni = 8i * LysZ 
Depl1 = Depl1_ 1 + Kc;ETr- (I+ P) + Dp 
K = Depl1 - Depl,_1 + (I + P) - Dp 
en L ETr 
if Dp > 0, a revised estimate of Depbni is calculated 
Dep(11 ; =(I+P);-Dp;+ IU+P)-Kc;LETr 
where P+I is the sum of irrigation and rainfall for the period, Dp is the measured deep 
percolation for the period, and LETr is the sum of the reference evapotranspiration for the 
period. LysZ is the depth of the lysimeter. 
Input Data Requirements 
The assumption in the development of the model is that water is stored in the root 
zone until field capacity is reached. If the infiltrating water is greater than field capacity, 
the depletion is set to 0 and the amount of water above field capacity is assumed to be 
lost by deep percolation following the ET of that day. As a result of continuous 
evapotranspiration, the water content in the root zone will gradually decrease (Allen et al. 
1998) and the root zone depletion will increase, until the water content reaches a 
minimum value at the permanent wilting point, if there is no infiltrating water. 
Additional input data requirement for the model are: daily meteorological data, 
maximum and minimum air temperature, maximum and minimum relative humidity, 
average wind speed, and total solar radiation. These data were obtained from an 
electronic weather station (Campbell Scientific, Inc. , CRl 0, and CRl OX) are located in 
close proximity to the lysimeters. A solar radiation calibration factor was required to 
adjust total daily solar radiation over the year such that these values better matched 
theoretical clear day values. Maximum root depth was considered to be equal to the 
depth of the lysimeter and was not limiting. The rooting depth of turfgrass has been 
reported (Ervin and Koski 1 998) to have a maximwn ran.ge between 30cm to 60cm 
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Separate crop coefficients are required for each lysimeter, due to differences in 
drainage properties of the soils in the lysimeters. Soil data requirements include an 
estimate of the initial water content at the beginning of the season and the volumetric 
water content for field capacity. Inputs of water are from gross rainfall and irrigation. 
Lateral seepage, upward flow from groundwater, interception losses and surface runoff, 
are all considered to be zero. Infiltration (irrigation and rainfall) and measured drainage 
records are read into the model simultaneously with the meteorological data, included as 
gross data. Reference evapotranspiration, ETr, was calculated using the Kimberly 
Penman" 1982" equation (Wright 1982). 
To begin the soil-water balance, an initial depletion should be estimated. If the 
season begins after a snow cover has passed, there will be initial drainage even before 
any water is added to the soil particularly during thawing of frozen soil. Irrigation/rainfall 
and deep drainage are set to zero at the beginning of the season because at this time, the 
buckets and raingages are set in position ready for data collection. When the irrigation 
season begins, during each infiltration, the water entering the root zone is checked to see 
if the root zone deficit is completely satisfied and any excess is transferred to drainage. 
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As long as the soil water content is below field capacity (SWi > 0), the soil will not drain 
(Dp = 0). If infiltration results in the water content being greater than field capacity, deep 
drainage will occur. 
Error Analysis 
Model performance is assessed objectively by comparing the degree of agreement 
of the modeled drainage with the measured drainage using statistical indices, the average 
error, AE, Eq (40), maximum error, ME, Eq. (41) and the root mean square error, RMSE, 
(Jarvis et al. 2000; Roy et al. 2000). 
1 ll 
AE =-_L(Kcmp -Kc;) 
n i =J 
(40) 
II 
ME= max(Kcmp- Kc;) 
i = J 
(41) 
RMSE= (42) 
where Kemp is the model predicted crop coefficient, Kci is the assumed initial estimate of 
the crop coefficient, i is the measurement day and n is the number of observations in the 
modeling period. The RMSE is the square root of average of the square of the residuals . 
The residual is the difference between the model-predicted crop coefficient and initial 
estomated crop coefficient. The ideal values for the root mean square error is zero. The 
AE indicates how strongly the model overestimates (positive sign) or underestimates 
(negative sign) the measured values. The ME indicates the maximum deviation between 
the model predictions and the measurements/assumed values, and whether it is an 
overestimate (when positive) or an underestimate (when negative) . The RMSE quantifies 
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the amount of scatter of the predicted and measured/assumed values about a 1: 1 line. For 
each case, values nearer to zero reflect greater simulation accuracy. 
Model Outputs 
The output from the model includes; daily values of the soil depletion, the 
calculated actual crop evapotranspiration, ET, and the depth of deep drainage where 
applicable. The actual crop evapotranspiration at any day is given by Eq. (6, 31), except 
when the depth of infiltration is greater than zero in which case it is given by Eq. (34), 
with ~S assumed zero for complete infiltration. 
Drainage Hydrograph Model 
The amount of water lost from the profile as deep drainage is taken as the 
difference between the total water infiltrating and the cumulative crop water use over a 
specified time period. The drainage hydrograph model discussed here calculates the 
time from the begi1ming of irrigation and or rainfall to the start of drainage. 
In this model, it is assumed that the rate of water movement in the soil is 
dependent on the initial water content at the time of wetting. The water content was 
related to the time of drainage by a simplification of the Green and Ampt expresion for 
the drainage of a uniform column of soil as shown in Eq. (43): 
t = - ( L - z) + h 1 ln 1 ~e [ z + h ] K L+h1 (43) 
where t is the time to the beginning of drainage after wetting, minutes; .0.8 is the water 
content difference; hr is the soil water pressure head between the saturated material yet to 
drain and the fully drained material above it separated by a sharp front (the air entry 
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pressure value); Lis the depth ofthe lysimeter, em; z is the vertical ordinate measured 
positively upwards; and K is the saturated hydraulic conductivity. The saturated 
hydraulic conductivity and the air entry pressure value can be obtained from published 
tables in the literature for the soils considered. Equation ( 43) is normally solved to obtain 
the time when the drainage front reaches any prescribed value of z. At the bottom of the 
lysimeters where drainage occurs, the value of z is zero. The air entry pressure value is 
considered positive throughout the profile. The value of z is zero when water drains from 
the lysimeter. 
Equation (43) indicate that the time to the beginning of drainage is depended on 
the hydraulic conductivity of the soil. At the Logan Golf and Country Club, the west 
lysimeter drains quicker than the east lysimeter and therefore believed to have a bigger 
hydraulic conductivity value. 
Hydrograph Model 
To be able to successfully model the drainage hydrograph requires knowledge of 
the time to peak flow. For all sites, except Murray, the peak drainage flow occurred 
about 3 0 minutes, from the beginning of drainage. At Murray Golf Course this was 
observed to be about 40 minutes. Each hydrograph is characterized by a peak, which car1 
be related to the total volume of drainage by a linear function of the form: 
Vmax = 0.1178D p + 0.0834 (44) 
where V max is the maximwn volwne of drainage (L) per unit time during the drainage 
period, and Dp is the total drainage expected. The linear function fitted with an R2 value 
of0.9838 
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The drainage hydro graph consist of an advance (rising) a recession (falling) 
phase. Compared to the peak drainage flow rate, the two hydrograph curves have 
different characteristics. The advancing phase generally takes a shorter time, while the 
recession phase generally takes longer. The hydrograph was modeled using Eq. (45): 
(45) 
where DFR is the drainage flow rate in units of volume per unit time (liters/hr); tis the 
time (hours), kt,k2 and k3 are empirical parameters. The timet varies from zero to the 
time where DFR is maximum to when DFR is zero. The parameter k 1 is related to the 
peak drainage, and hence, to the total drainage by Eq. (46) : 
k1 = 1.095 * Vmax = 1.095(0.1178D" + 0.0834) 6) 
which can be simplified to: 
k1 = 0.129D" + 0.0913 (47) 
It is relates to the peak of the hydrograph. The parameter kl is generally positive, with 
the parameter k2 and k3 negative. Parameter k2 determines how quick the drainage flow 
rate decrease with time (the curvature), and k3 determines how quick it approaches zero. 
Weather Data 
CHAPTER V 
RESULTS AND DISCUSSION 
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The weather data for the Logan Golf and Country Club, Sunbrook Golf Course, 
Murray Golf Course and Spanish Fork Farm for the year 2002 are graphed in Fig. 9 to 
Fig. 13. Each graph shows the daily distribution of maximum air temperature, minimum 
air temperature, average soil temperature, maximum and minimw11 relative humidity, 
total solar radiation and average wind speed. Data for the other years at Logan Golf and 
Country Club beginning 1991 to 2001 , are shown in Appendix (A). 
At the Logan Golf and Country Club, the maximum relative humidity was higher 
in spring and fall (around I 00%) than summer where the average was around 60%, a 
characteristic of a dry period. The maximum range, the difference between the 
maximwn and minimum, was observed in swnmer. The maximum summer temperature 
was about 38°C, with the minimum temperature obtained in winter (November to 
February). Average soil temperatures were below zero in spring and in fall and followed 
the yearly maximum distribution. Average wind speeds were high in summer (averaging 
4 m/s) compared to spring and fall, averaging 3 m/s. Solar radiation was low in winter 
and increased to a maximwn in summer. Maximum summer solar radiation was 33 
MJ/m2/day. The winds during the day vary from 2m/sup to maybe 3.6 m/s from varying 
directions. However, in the late evening, the wind speed increased very dramatically to 
about 6 m/s, with a shift in wind direction. 
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At Murray Golf Course, maximum relative humidity was high in winter (around 
100%) and low in summer (around 80%). The difference in maximum and minimum 
relative humidity was high in summer. Maximum daily temperatures were above zero for 
the year, with a peak of 40°C in summer. 
50 1 
40 
~-:: 1 
"' .... g_ 10 
= <l) 
E-- 0 
-10 
-20 
35 
~ 15 
0::: 
:;; 10 
5 
250 
Day of the Year 
--Tmax, oC - - -- Tmic,oC 
· · ·- · - Tavg_ So~ oC 
0 +-~-~-~-,-~-,--,-
0 50 I 00 150 200 250 300 350 
Dayofthe Year 
100 
,.-... 
~ 0 
'-----' 
~ 80 
"' <l) 2 
<l) 
p.. 60 
_q 
-o 
E 40 ~ 
::r:: 
<l) 
-~ 20 '(;:; 
<l) 
~ 
0 
7 
6 
~ 5 
a 
:s 2 
+--,-~-,--,--,--,-,-
0 50 I 00 !50 200 250 300 350 
Day of the Year 
--Rhmax,% · ·· ·· ·· Rhmin, % 
0 +--,--,-~-,--,--,--,-
0 50 I 00 150 200 250 300 350 
Day of the Year 
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humidity, total solar radiation and average wind speed, at the Logan Golf and Country 
Club, 2002 
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Average soil temperatures were above zero for the year indicating that the soil did 
not freeze, even though minimum temperature for the winter period (November to 
February) were below freezing. Average wind speed remained relatively uniform for the 
entire year, averaging 2.5 m/s, with hikes up to 6 m/s. Maximum summer total solar 
radiation was 33 MJ/m2/day showing occasional cloudy days. 
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At Spanish Fork Farm, the maximum relative humidity was low throughout the 
year, averaging 40% in spring and fall and 20% in summer. This is not normal and might 
indicate a malfunctioning instrument, or just indicating dry conditions. Maximum 
temperatures were greater than zero through out the year, with a summer high of 40°C. 
Minimum temperatures were below zero in winter (November to February). The average 
soil temperature was below zero only in the period January and February. It was higher 
in early winter than expected, indicating either an instrument eiTOr or that the 
temperatures did not drop low enough to cause the soil to freeze . Average wind speeds 
were low for the whole year, averaging 0.9 m/s with occasional hikes. The maximum 
summer total solar radiation was 35 MJIIn2/day, with occasional cloudy days. 
A separate plot of the daily observation data at Spanish Fork from August 2002 to 
March 2003, from two separate weather stations, the Climate Center Station and the BIE 
managed station are shown in Fig. 12. The data shows that indeed there is a possible 
anomaly in the Climate Center data, either caused by a malfunctioning instrument or 
erroneous calibration factor used in the instrument. The data had errors in some days, 
particularly on the minimum temperature for September 11-13; October 1-5; November 
16 - 21 and December 8 - 11 . These were then estimated from averages of seven day 
running averages, before and after the day of the missing record. 
Air temperature and relative humidity are measured using a 207 sensor. It is 
recommended that such a sensor should be replaced at least annually or more frequently 
depending on the operating environmental conditions. In a contaminated or frequently 
condensing environment, the sensor should be replaced more freqently. 
The graphs show that there is good agreement in the two stations for the 
maximum and minimum air temperature, and total daily solar radiation. For maximum 
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Fig. 11. Daily ,maximum and minimum air temperature, maximum and minimum relative 
humidity, total solar radiation and average wind speed, at the Spanish Fork Farm, 2002 
6S 
and minimum relative hwnidity there are certain days when the measurements are out of 
phase, the Climate Center station showing much higher values than the BIE station. 
There are definitely problems with wind data. The Climate Center station recorded 
relatively high wind speeds than expected, whereas the BIE station showed minimwn 
values most of the time. This raises concern as the calculation of reference ETr depends 
on these weather data parameters. The wind anemometer should be replaced in the BIE 
station to see if there will be changes in wind speeds readings with a new instrument. 
Also, the temperature and relative humidity, the 207 sensor, should be replaced with the 
more robust, HMP3SC or HMP4SC. 
At the SunBrook Golf Course, the distribution of maximum relative humidity 
indicate low values in spring and summer (averaging70%), slightly increasing in fall to 
90%. The lowest relative humidity was around 20%. The difference between the 
maximum and minimum relative humidity was high, similarly indicating dry conditions. 
Daily temperatures were above S°C for the rest of the year, with a maximum summer 
high of S0°C. The minimum temperature occasionally dropped below zero in spring and 
fall, but could not stay low long enough to lower the average soil temperature which 
stayed above S°C for the whole year. Average wind speeds were higher at the beginning 
of the year, averaging 2 m/s in spring, l.S mls in swnmer and less than I m/s in fall. 
Maximum summer total solar radiation was about 33 MJ/rn2/day. There were few cloudy 
days during the year. The Sunbrook area is relatively dry and warm. The average yearly 
precipitation is less than 17 inches. 
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Estimated Turf Grass Water Use {ET) 
Seasonal swnmaries of irrigation and rainfall, volume of collected drainage water 
and turf grass water use (as determined from the lysimeters) are shown in Table 2-3, 
respectively for Logan, Murray, Spanish Fork Farm, and Sunbrook,o The data at the 
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Logan Golf and Country Club consist of twelve years of record, 1991 to 2002, of which 8 
years have full records and four years, 1996, 1997, 1998, and 1999 have partial records. 
The partial records are due to drainage data lost because of bucket overflow. The years 
1992, 1993, and 1995 have low amounts of irrigation and rain because these years were 
generally dry. The average amount of water received by each of the two lysimeters, east 
and west, for the eight years is about the same. However, the drainage amounts were 
different. The west lysimeter consistently had the highest drainage compared to the east 
lysimeter. The reason for the differences is not yet clear. It is suspected that; 1) either 
the two lysimeters have soils of different properties, 2) when soil was put back into the 
lysimeters, there might have been a significant change in bulk density of the soils as the 
subsurface material was mostly rock, 3) the portion of the drainage pipe from the outside 
of the lysimeter leading to the bucket might be cracked, and seepage water from the 
surrounding soil flow in and add to the drainage volume, or 4) different macro pores were 
created during soil settling resulting in differences in preferential flow pathways. The 
higher drainage volume was observed in the west lysimeter for all the years. Since the 
turf grass water use (ET) was determined as the difference in irrigation and rain and the 
amount lost as drainage (Eq. 5), the value ofET reported for the west lysimeter is lower 
than that for the east lysimeter. There were some years where the west lysimeter received 
more water than the east lysimeter but similarly, in other years the east received more 
water than the west but the trend in drainage volume was not reversed. 
Further investigations are required to look into these anomalies. For example, soil 
samples for particle size analysis should be taken and analyzed in the laboratory, and the 
lysimeters should be tested for possible leaks. 
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Table 2. Seasonal Irrigation and Rain, Drainage and Turf Water Use, During the 1991-
95, 2000-2002 Growing Season, from Two Lysimetersa at Logan Golf and Country Club, 
Logan, Utah. Partial Season Data for 1996-99 
East Lysimeter West Lysimeter 
Year Season Irrigation Drainage ET Irrigation Drainage ET Average 
and Ran and Rain ET 
em 
1991 03 Apr-28 Oct 98.93 17.30 81.64 96.52 35.41 61.11 71.37 
1992 15 Apr-27 Oct 71.86 0.46 71.40 72.87 7.54 65.33 68.38 
1993 16 Apr-26 Oct 78.16 16.1 5 62.00 88.57 40.01 48.56 55.30 
1994 ll Apr-28 Oct 89.10 10.01 79.10 96.01 37.36 58.62 68.83 
1995 17 Apr-02 Oct 69.80 4.04 65.76 81.71 28.09 53.62 59.69 
2000 06 Apr-06 Oct 90.68 536 85.36 83.13 22.02 6!.11 73.23 
2001 15 Mar-19Nov 112.37 28.93 83.41 106.88 52.43 54.46 68 .94 
2002 25 Mar-14 Oct ! 14.38 35.61 82.91 99.19 50.72 53.95 68.43 
Eight Year Average 90.66 14.73 76.45 90.61 34.20 57.10 66.77 
1996b 09 May-14 Nov 65.86 9.53 56.34 70.21 21.49 48.72 52.53 
1997" 09 May-03 Dec 64.82 16.43 48.39 33.66 12.07 21.59 35.00 
1998" 16 Apr- Il Nov 57.43 7.29 50. 14 40.41 13.69 26.72 38.43 
1999" II May-08 Sept 45.64 1.68 43.97 22.17 3.99 18.19 31. 09 
a The two lysimeters are located at the Logan Golf and Country Club in rough between 
the 1 and 3 fairways and adjacent to the greens nursery area. The electronic weather 
station (Campbell Scientific, Inc.) is west of the greens nursery and about 30 feet to the 
north of the east 1 ysimeter. 
b Some drainage records lost due to bucket overflow. 
In both Sun brook and the Murray Golf Course sites (Table 3) none of the 
lysimeters had drainage during the period of measurement which indicate that either the 
amount applied by irrigation and rainfall balanced with the turf grass water use or the 
an1ount of applied water was low to have deep drainage. The water recorded from the 
east lysimeter is equal to that from the west lysimeter, indicating low/uniform wind 
effects and or uniform nozzle discharges from the irrigation system. The data for Spanish 
Fork Farm is also shown in Table 3. The north lysimeter received less water than the 
south lysimeter and consequently had less drainage during the year. 
Table 3. Seasonal Irrigation and Rain, Drainage and Turf Water Use, During the 2002 
Growing Season, from Two Lysimeters at Murray, Spanish Fork and Sunbrook Golf 
Course 
Eas t Lysimeter West Lys imeter 
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Year Season Si te Irrigation Drainage ET Irrigation Drainage ET Average 
and Ran and Rain ET 
em 
2002 4 May-9 Oct Murray 69.67 0.00 69.67 70. 18 0.00 70.18 69.93 
2002 !0 May- 18 Oct Spanish Fork 48.92 4. 14 44.75 60. 10 9. 12 50.98 46.86 
2002 25 Feb-5 Nov SunBrook 89.28 0.00 89.28 89 .99 0.00 89.99 89.64 
Seasonal turfgrass ET in 2002 varied from 45 em at Spanish Fork to 90 em at Sunbrook, 
average of two lysimeters. 
Estimated Crop Coefficients 
The estimated turf grass crop coeffi cients, Kc, determined using Eq. 6, are shown 
in Table 4, respectively for the Logan Golf and Country Club, Table 5 for Murray, 
Spanish Fork Farm and SunBrook Golf Course. The Kc values shown are based on 
computed daily ETr (Alfalfa reference ET) from the 1982 Kimberly Penman with a 
imposed 100 miles per day wind travel limit. 
At the Logan Golf and Country Club, the calculated Kc values for the east 
lysimeter ranged from 0.47 to a high of0.75, with an eight year average of0.64 and a 
twelve year average of 0.62. The Kc values for the west lysimeter ranged from 0.40 to a 
high of0.58, with an eight year average of0.48, equal to the twelve year average. The 
calculated Kc values for the west lysimeter were consistently lower than for the east. 
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Table 4. Seasonal Turf Grass Water Use (ET) and Crop Coefficients (Kc), 1991-1995, 
and 2000-02 Growing Season, from Lysimeters at the Logan Golf and Country Club, 
Logan, Utah. Partial Season Data for 1996-99. 
East Lysimeter West Lysimeter Average 
Year Etr ET Kc Etr ET Kc Seasonal 
(em) (em) (em) (em) Kc 
1991 I 09.37 81.64 0.75 109.37 61.11 0.56 0.65 
1992 124.00 71.40 0.58 124.00 65.33 0.53 0.55 
1993 120.59 62.00 0.52 120.59 48.56 0.40 0.46 
1994 132.08 79.10 0.60 132.08 58 .62 0.44 0.52 
1995 103.51 65.76 0.64 103.51 53.62 0.52 0.58 
2000 122.86 85.32 0.69 122.86 61.11 0.50 0.60 
2001 120.73 83.41 0.69 120.72 53 .70 0.45 0.57 
2002 116.61 81.03 0.69 116.61 53.95 0.46 0.57 
Eight year 
Average 118.72 76.21 0.64 118.72 57 .00 0.48 0.56 
1996 86. 11 56.34 0.65 83.59 48.72 0.58 0.62 
1997 103.56 48.39 0.47 52.93 21.59 0.41 0.44 
1998 72.54 50.14 0.69 55. 12 26.72 0.49 0.59 
1999 69.01 43 .97 0.69 43.00 18.19 0.42 0.53 
Twelve year 
Average I 00.77 62.96 0.62 88.69 42 .90 0.48 0.55 
I. Weather Data for 1996 was obtained from the Logan USU station 
2. 1995 data started from May instead of April 
3. For 1996, 97, and 1999 some drainage records lost due to bucket overflow 
The west lysimeter had a higher amount of drainage and hence low estimated 
consumptive use (ET). 
On numerous occasions earthworms were found in the drainage bucket, a number 
of times during measurements compared to the east lysimeter. Their burrowing increases 
the soil aeration and water infiltration, which might explain why there are differences in 
the amount of drainage in the two lysimeters. These burrows, essentially single or 
interconnected macropores, can also act as primary flow conduits, providing rapid 
downward flow of water during saturated conditions. 
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Table 5. Seasonal Turf Grass Water Use (ET) and Crop Coefficients (Kc), 2002 Growing 
Season, from Lysimeters at Murray, Spanish Fork Farm, and Sunbrook Golf Course. 
East L ysimeter West Lysimeter East and West 
Site Etr ET Kc Etr ET Kc Average 
(em) (em) (em) (em) Kc 
Murray 106.68 69.67 0.65 106.68 70.18 0.66 0.65 
Spanish Fork 83.90 44.75 0.53 83 .90 50.98 0.60 0.57 
SunBrook 157.43 89.28 0.57 157.43 89.99 0.57 0.57 
At Spanish Fork Farm: 
1. Lysimeter data begins on May 10th 
2. After September 91h, lysimeters were wetted, time of wetting not knovm 
3. October data does not have week ending October lOth 
The Kc values at Murray site were also equal for the east and west lysimeters, 
with Kc values of 0.65 . At Spanish Fork, the no11h lysimeter had a smaller Kc value, 
0.53 , than the south lysimeter, 0.57, respectively. For SunBrook, the calculated Kc values 
were the same for both east and west lysimeters, with Kc values of 0.57. 
Monthly Turf Grass Crop Coe(ficients 
Monthly turf grass crop coefficients are shown in Table 6-9, respectively, for 
Logan Golf and Country Club, Murray, Spanish Fork farm and Sunbrook. Monthly crop 
coefficients ranged from 0.48 to 0.80 at SunBrook, 0.51 to 0.91 at the Logan Golf and 
Country Club (excluding the month of October), and 0.47 to 0.81 at Murray (excluding 
the month of October, which had partial data for the month), and 0.38 to 1.00 at Spanish 
Fork Farm (excluding the month of October which had partial records). For all the sites 
the lowest variation in kc values was observed in summer, between the months of May, 
June, and July. 
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Table 6. Monthly Turf Grass Water Use (ET) and Crop Coefficients (Kc), During the 
2002 Growing Season, from Lysimeters at Logan Golf and Country Club, Logan, Utah 
Month TurfETLysimeter ET E+W KP82 Est. 
(AES#l45) East West Average Etr Kc 
(em) (em) 
March 0.74 
April 4.83 8.99 8.56 8.79 9.68 0.91 
May 8.66 10.16 6.50 8.3 3 16.31 0.51 
June 10.95 16.41 5.72 11.07 21.62 0.51 
July 12.14 16.26 12.27 14.27 27.13 0.53 
August 10.67 16.36 10.31 13.34 22.78 0.59 
September 6.76 10.62 5.59 8.10 13 .26 0.61 
October2.90 0.58 0.33 0.46 3.96 0.12 
Total Apr 1- Oct 14 79.38 49.28 64.34 114.73 
Average Apr 1- Oct 14 0.56 
Excluding October 63 .88 110.77 0.58 
Table 7. Monthly Turf Grass Water Use (ET) and Crop Coefficients (Kc ), During the 
2002 Growing Season, from Lysimeters at the Murray Golf Course, Salt Lake, Utah 
Month TurfETLysimeter ET E+W KP82 Est. 
(AES#145) East West Average Etr Kc 
(em) (em) 
March 0.79 
April 4.80 
May 8.6 1 9.22 8.86 9.04 19.13 0.47 
June 11.79 16.51 16.46 16.48 24.51 0.67 
July 13 .61 17.15 16.71 16.94 26.52 0.64 
August 11.51 11.51 11.51 11 .5 I 14.20 0.81 
September 6.91 10.08 11.15 10.62 13.36 0.79 
October3.51 2.44 2.41 2.44 2.26 1.07 
Total May 4-0ct 14 66.90 67.11 67.03 99.97 
Average May 4-0ct 14 0.67 
1. Data begins on May 4t 1 
Table 8. Monthly Turf Grass Water Use (ET) and Crop Coefficients (Kc), During the 
2002 Growing Season, from Lysimeters at the Spanish Fork Farm (Provo), Utah 
Month TurfET Lysimeter ET E+W KP82 Est. 
(AES#145) East West Average Etr Kc 
(em) (em) 
March 1.40 
April 5.72 
May 9.35 4.45 4.75 4.60 12.22 0.38 
June 11.81 8.89 9.07 8.99 21.87 0.41 
July 13.13 13.11 13.72 13.41 22.73 0.59 
August 10.95 8.51 11.79 10.16 17.96 0.57 
September 7.49 3.96 4.04 4.01 4.01 1.00 
October 3.66 3.53 4.88 4.22 3.63 1.16 
Total May 10- Oct 18 42.44 48.23 45.34 82.42 
Average May I 0- Oct 18 0.55 
1. Lysimeter data begins on May I 0 th 
2. After September 9t11 , lys imeters were wetted, time of wetting not known 
3. October data does not have week ending October I Oth 
Table 9. Monthly Turf Grass Water Use (ET) and Crop Coefficients (Kc), During the 
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2002 Growing Season, from Lysimeters at the SunBrook Golf Course, ST. George, Utah 
Month Turf ET Lysimeter ET E+W KP82 Est. 
(AES#145) East West Average Etr Kc 
(em) (em) 
November, 19 1.27 1.19 1.24 
December 3.02 2.97 3.00 
January 0.97 0.89 0.9 1 
February 0.30 3.91 3.53 3.73 
March 5.61 8.86 7.77 8.33 10.36 0.80 
April 7.85 9.19 10.03 9.63 16.61 0.58 
May 12.27 11.84 10.57 11 .20 23.29 0.48 
June 14.61 16.33 16.61 16.48 29.51 0.56 
July 15.93 13.06 14.73 13 .89 28.40 0.49 
August 12.73 14.40 14.40 14.40 23 .80 0.61 
September 9.30 11.35 10.77 11.07 15.21 0.73 
October 5.46 4.06 4.90 4.50 8.79 0.51 
November 1.75 2.92 3.15 3.02 5.08 0.60 
Total Mar 1-Nov 19 92 .5 3 92.91 92.58 161.06 
Average Mar 1-Nov 19 0.56 
I. Weather data begins February 22, 2002 
2. No prorating between months 
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The monthly crop coefficients tend to be higher at the beginning of the season at 
Logan and Sunbrook and at the end of the season at Murray and Spanish Fork. This 
might be due to the fact that at the beginning of the season, the turf is recovering from 
dormancy and has an immature root and leaf system. At the end ofthe season, the root 
and leaf system is dying back in preparation for dormancy. Other possible factors that 
could influence these coefficients are seasonal characteristics and rate of growth in 
between cuttings. The reference crop evapotranspiration is low at the beginning of the 
season due to low temperatures. 
The data in these tables show that water conserving crop coefficients to be used in 
the State of Utah with the Kimberly Penman equation estimates ofETr, while 
maintaining Kentucky Blue grass and Merion Blue grass grown in golf courses, at an 
acceptable level of quality, range from 0.56 to about 0.65. The crop coefficient that has 
been generally accepted and used is 0.80 (Jensen et al. 1990; Allen et al. 1990). The 
derived crop coefficients give a significant saving in irrigation water. 
Comparing the Kimberly Penman Reference 
Equation to the ASCE Standard 
Penman Monteith Equation 
The Kimberly Penman equation (Wright 1982) was used as the reference equation 
in crop simulation model, CRPSM (Hill 1997) to calculate the alfalfa reference (ETr) 
water use. Two daily wind travel limits were set in CRPSM; 1) 100 miles per day and 2) 
132 miles per day wind limit. The alfalfa reference was used to calculate the turfgrass 
crop coefficients. The derived turf grass crop coefficients were then compared to those 
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Table 10. Comparison of the Estimated Turf Grass Crop Coefficients Using the 
Kimberly Penman Equation with 100 and 132 Miles per Day Wind Limit, the ASCE 
Standard Penman Monteith Equation (ETr and ETo) at Logan, Murray, Spanish Fork 
Farm and Sunbrook for 2002 Growing Season 
Turf WaterUse, Eta Evapotranspiration , Etr Estimated Kc Ratio PM to KP _1 00 
Location Season East West Mean KP_100 KP_132 ASCE_Etr ASCE_E!o KP_100 KP_132 ASCE_Etr ASCE_Eto Etr ETo Etr/Eio 
(mm) 
Logan 1 Apr-14 Oct 793.8 492.8 643.6 1115.1 1148.1 1523.0 1098.6 0.58 0.56 0.42 0.59 0.73 1.02 1.39 
Murray 4 May-14 Oct 666.0 671.1 670.3 999.7 1092.5 1114.8 853.2 0.67 0.61 0.60 0.79 0.90 1.17 1.31 
Spanish 
Fori< 10 May-18 Oct 424.4 482.1 453.4 824.2 890 8 818.1 672.1 0.55 0.51 0.55 0.67 1.01 1.23 1.22 
SunBrool< 1 Mar-19 Nov 925.3 929.1 927.4 1583.7 1591.3 1523.7 11 81.1 0.59 0.58 0.61 0.79 1.04 1 34 1 29 
calculated using the ASCE standard Penman- Monteith (ETr and ETo) equation in REF-
ET (Allen et al. 2000). The results are shown in Table 10. 
The mean crop coefficients for KPl 00 varied from 0.49 to 0.68, while those for 
KP132 varied from 0.45 to 0.66. Crop coefficients derived using the ASCE standard 
Penman Monteith equation were higher than both KPlOO and KP132, ranging from 0.52 
to 0.83 . The KPlOO resulted in slightly higher Kc values than the KP132. Differences 
were due probably to the higher wind speed in KP132, which resulted in higher reference 
evapotranspiration (ETr). The wind speed was not differentiated between day and night 
values. The Kc values based on the ASCE Standardized Penman-Monteith equation (ETr 
and ETo) are not consistently different from site to site compared to the KP82. The ratio 
of the PM ETr based crop coefficient to the KP82 (1 00 miles per day wind travel limit) 
varies from 0.77 at Logan to 1.13 at Spanish Fork. The ETo crop coefficients varied 
from 1.07 at Logan to 1.44 at Spanish Fork. 
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Table 11. Solar Radiation Calibration Factors Used to Adjust Daily Solar Radiation from 
the Electronic Weather Stations Used in CRPSM and REF-ET 
Site Year RS Calibration Constants 
Logan Golf Course 1991 0.9387 
1992 0.9376 
1993 0.9011 
1994 0.9153 
1995 0.9112 
1996 1.0681 
1997 0.9032 
1998 1.0594 
1999 1.0136 
2000 1.0052 
2001 0.7717 
2002 0.9842 
Murray Golf Course 2002 0.9561 
Spanish fork Farm 2002 0.9324 
SunBrook Golf Course 2002 1.0186 
Total daily solar radiation calibration factors , shown in Table 11 were developed 
based on a solar radiation calibration program developed by Hill. These were then used 
to adjust total daily solar radiation from the electronic weather stations, before use in 
CRPSM and in REF-ET. The CRPSM model has the calibration required built in but that 
is not the case in REF-ET. The solar radiation had to be scaled outside ofREF-ET, 
before use. 
Wetting and Drainage 
Hydrograph Development 
Drainage Measurement Using Rain Gages 
Drainage from the lysimeters were measured with automated rain gages, on a 
minute basis with readings totaled every ten minutes. Two standard 6-inch diameter 
tipping rain gages (TE 525, Texas Instruments Inc.; Texas), connected to a data logger 
were placed in each drainage lysimeter manhole to record the amount and change in 
collected drainage with time. Readings were in counts, which were then converted to 
volume, based on measured count rates. Before the rain gages were placed in the 
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lysimeters, they were first calibrated using a known volume of water, emptied at different 
times. The calibration results are shown in Table 12. 
For the TE 525 (6.06 inch) rain gage, it seems that for a flow rate less than 11100 
th inch, the rate per count is about 0.005 liters I count, whereas, if the rate is greater than 
1/10 th inch, it becomes greater than 0.006 liters I count. The percent error obtained 
during the calibration is much higher than that specified by the manufacturer. Errors 
could be in the adjustments of the tipping bucket or the time over which the volume was 
collected was too short for the bucket to recover from a tip, meaning that some water was 
spilled in the process. The tipping mechanism is supported by a metal fulcrum, which 
may due to rust, provided some resistance to the tipping. The errors increased with 
shorter times. 
The TE 525MM (9.66 inch) rain gage behaved similar for low flow rates but very 
differently for higher flow rates. The data at different flow rates will help in the analysis 
of drainage from soils with differing hydraulic conductivities. 
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Table 12. Calibration Data of Six Inch Diameter (TE 525; 6.06 inch) Tipping Rain 
Gages as Measured in the Field, 2002 
Volume Depth Inch Time Flow Counts Rate % 
(ml) (inches) per (min) Rate (L I count) Error 
count (Limin) 
473 1 0.0116 55 0.0086 86 0.0055 16 
473 1 0.0118 100 0.0047 85 0.0056 18 
1665 3.5 0.0134 12 0.139 261 0.0064 34 
1665 3.5 0.0130 16 0.104 270 0.0062 30 
1665 3.5 0.0139 14 0.119 252 0.0066 39 
1665 3.5 0.0120 26 0.0640 291 0.0057 20 
1665 3.5 0.0118 31 0.0537 297 0.0056 18 
1665 3.5 0.0120 49 0.0340 312 0.0053 12 
1665 3.5 0.0110 49 0.0340 318 0.0052 10 
1665 3.5 0.0124 77 0.0216 283 0.0059 24 
TE 525MM (9.66 inches) 
473 1 0.0114 22 0.0215 88 0.0054 14 
1665 3.5 26 sec. 3.84 103 0.0162 
1665 3.5 27 sec. 3.70 106 0.0157 
Drainage Ratio 
The drainage ratio had been determined as the ratio of the volume of the water 
drained to the volume added to the lysimeter. The ratio increases from almost zero when 
water is initially added to the lysimeter with the soil initially dry to close to one for 
subsequent water additions when the soil profile is saturated. The drainage ratios for the 
various lysimeter sites are shown in Table 13 to Table 16. 
The drainage ratio can be used to predict the moisture content at the time of 
irrigation or rainfall. When the ratio is small, it indicates an initially dry soil and when 
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high, a wet soil, or problems with drainage. For the Sunbrook and Murray Golf Course, 
the initial drainage ratio was less than 0.2 and was slightly higher for Logan and very 
high at Spanish Fork. This was expected because over the season, the lysimeters at 
Sunbrook and Murray have not drained while drainage had been observed at the Logan 
Golf and Country Club and at Spanish Fork. Also at Spanish Fork, the lysimeters were 
heavily wetted the week before the experiment, which resulted in the high ratios. 
The maximum drainage ratio recorded was 0.96 at both east and west lysimeters 
at Sunbrook. At this site wettings were done daily over the three days of the experiment. 
The weather was sunny and warm, which might mean that the difference would be 
accounted for as daily consumptive use by the turf grass. At the Logan Golf and Country 
Club, only one wetting was done to each lysimeter. The wetting was followed by 
intermittent rainfall events. The rainfalls were light as the drainage ratio for the east 
lysimeter was a maximum of 53% while that for the west lysimeter had a maximum of 
90%, due to the high draining capability of the soil in this lysimeter. The time when 
water was added to the Jysimeter and when drainage started is much less for the west 
lysimeter than for the east lysimeter. This might indicate that the two lysimeters contains 
soils of different properties. 
At Murray, even though the soils seem to have similar properties, at the beginning 
of the wetting experiment, the east lysimeter was at a higher moisture content compared 
to the west lysimeter. Because the wetting was disturbed by rainfall at both the Logan 
Golf Course and Murray Golf Course, the maximum drainage ratio for these sites could 
not be obtained, meaning that the experiment might need to be repeated in these sites. 
Table 13. Volume of Water Added to Each Lysimeter, Time to Beginning of Drainage 
and Drainage Ratio Measured at Logan Golf and Country Club, 2002 
Volume Flow Volume Drainage 
Day Added (L) Time (min) Drained Ratio 
Logan Golf Course- West Lysimeter 
287 40 5 12.78 0.32 
289 18.48R 16.67 0.90 
293 12.85R 9.63 0.75 
295 20.98 11 .34 0.54 
Logan Golf Course - East Lysimeter 
287 35.0 15 2.58 0.07 
289 21 .89 6.06 0.28 
293 11.67 5.90 0.51 
295 21.50 11.47 0.53 
Table 14. Volume of Water Added to Each Lysimeter, Time to Beginning of Drainage 
and Drainage Ratio Measured at Murray Golf Course, 2002 
Volume Flow Volume Drainage 
Day Added (L) Time (min) Drained Ratio 
Murray Golf Course- West Lysimeter 
261 136.44W+I 40 30.61 0.22 
267 12.85R 3.46 0.27 
268 50.0W 30 19.66 0.39 
275 20.32R+I 13.34 0.66 
Murray Golf Course- East Lysimeter 
261 137.23W+I 245 12.74 0.09 
267 8.78R 3.42 0.39 
268 75 .0W 32 25.0 0.33 
275 18.35R+I 11.61 0.63 
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Table 15. Volume of Water Added to Each Lysismeter, Time to Beginning of Drainage 
and Drainage Ratio Measured at Spanish Fork Farm, 2002 
Day 
Volume 
Added (L) 
Flow Volume 
Time (min) Drained 
Spanish Fork - North Lysimeter 
297 
299 
50.0W 
25 .0W 
19 
10 
Spanish Fork - South Lysimeter 
297 
299 
50.0W 
25.0W 
13 
10 
43.43 
22.45 
44.51 
22.40 
Drainage 
Ratio 
0.87 
0.90 
0.89 
0.90 
Table 16. Volume of Water Added to Each Lysimeter, Time to Begi1ming of Drainage 
and Drainage Ratio Measured at Sun brook Golf Course, 2002 
Volume Flow Volume Drainage 
Day Added (L) Time (min) Drained Ratio 
SunBrook Go1fCourse - West Lysimeter 
325 200.0W 170 36.17 0.18 
326 25.0W 13 24.11 0.96 
327 25.0W 15 23.68 0.95 
SunBrook Golf Course- East Lysimeter 
325 200.0W 155 22.52 0.11 
326 25.0W 5 24.11 0.96 
327 25.0W 13 23.59 0.94 
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Field Measurement o(the Drainage Rates 
The flow rate through the soil in the lysimeter was measured using a tipping 
bucket raingage connected to a data logger (CSI, 21 X). The data logger was programmed 
to record the number of tips/counts from each tipping raingage, which was converted into 
a volume rate (volume/count). The flow rates per count for each site are shown in the 
Table 17 to Table 20. The rates relate to volume of water collected in the bucket within a 
measured time intervals and not to total drainage from the lysimeter. 
A known volume of water was measured in the drainage bucket which was then related to 
the summation of the counts and time recorded by the data logger. Where the volume of 
water collected exceeded the level of the tipping mechanism of the bucket and therefore 
was submerged, such data is not indicated in the tables. 
For the Logan Golf and Country Club lysimeters, the rate for the west lysimeter is 
higher than for the east, which indicates that this lysimeter drains much faster than the 
east lysimeter. This might confirm the assumption that the type of soil in the west 
lysimeter is different from the east lysimeter and is more porous. 
At Spanish Fork, the rate for the north lysimeter was higher than for the south 
lysimeter, indicating a possible short circuit caused by installation problems. This data 
however, should be interpreted with caution as there were initial problems in collecting 
the drainage water. At the beginning, when the drainage flow is low, the water stuck to 
the outlet pipe and flowed under the pipe instead of falling in the test raingages to be 
caught in the bucket. Placing small stones inside the pipe helped particularly when the 
flow was low but not at high flows (see broken shape of the drainage hydrographs). This 
was not a problem at the Logan Golf and Country Club and at Sunbrook. 
Table 17. Calculated Average Drainage Flow Rate for Each Lysimeter Based on 
Collected Drainage Recorded by a 21X Data Logger at the Logan Golf and Country 
Club, 2002 
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Day Volume (L) Counts Rate (L I Count) Average Rate 
Logan Golf Course - West Lysimeter 
289 24.73 3392 
290 4.72 829 
294 9.63 1737 
296 10.03 1708 
297 1.31 241 
Logan Golf Course- East Lysimeter 
289 6.54 999 
290 2.10 399 
294 5.90 1008 
296 9.63 1834 
297 1.84 350 
0.0073 
0.0057 
0.0055 
0.0059 
0.0054 
0.0065 
0.0053 
0.0059 
0.0053 
0.0053 
0.00596 
0.00566 
Table 18. Calculated Average Drainage Flow Rate for Each Lysimeter Based on 
Collected Drainage Recorded by a 21 X Data Logger at Murray Golf Course, 2002 
Day Volume (L) Counts 
Murray Golf Course- West Lysimeter 
262 
264 3.30 572 
268 0.16 30 
269 
275 7.63 1316 
282 5.71 1114 
Murray Golf Course- East Lysimeter 
262 12.74 1884 
264 3.42 695 
268 0.05 9 
269 
275 8.37 
282 3.24 
1547 
551 
Rate (L I Count) 
- above gage 
0.0058 
0.0053 
- above gage 
0.0058 
0.0051 
0.0068 
0.0049 
0.0056 
- above gage 
0.0054 
0.0059 
Average Rate 
0.00550 
0.00572 
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Table 19. Calculated Average Drainage Flow Rate for Each Lysimeter Based on 
Collected Drainage Recorded by a 21X Data Logger at Spanish Fork, 2002 
Day Volume (L) Counts Rate (L I Count) Average Rate 
Spanish Fork- North Lysimeter 
298 12.15 1515 0.0080 
299 4.44 746 0.0060 
300 22.45 3045 0.0074 0.00713 
Spanish Fork - South Lysimeter 
298 38.73 5799 0.0067 
299 3.22 592 0.0054 
300 22.43 3560 0.0057 0.00593 
Table 20. Calculated Average Drainage Flow Rate for Each Lysimeter Based on 
Collected Drainage Recorded by a 21 X Data Logger at the Sunbrook Golf Course, 2002 
Day Volume (L) Counts Rate (L I Count) Average Rate 
SunBrook Golf Course- West Lysimeter 
326 12.08 1948 0.0062 
327 9.52 1642 0.0058 
328 23 .68 3699 0.0064 0.00613 
SunBrook Golf Course- East Lysimeter 
326 22.52 3190 0.0071 
327 10.04 1761 0.0057 
328 18.63 2739 0.0068 0.00653 
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At the Logan Golf and Country Club, the pipe collecting drainage water from the 
lysimeter to the manhole is a thin walled PVC pipe, with a less surface tension compared 
to steel pipes at the three sites. 
At Murray Golf Course, similar problems where observed and mesh wire was tied 
around the pipe which also did not work very well. At Sunbrook this was overcome by 
tying plastic funnels around the steel pipes directing all the drainage water to the bucket. 
This was found to be a better solution as no spillage was observed during all 
measurements. A summary of the drainage ratio and derived crop coefficient from the 
short term wetting study are shown in Table 21 . 
Drainage Hydrographs 
The physical properties of the soil that contribute to water flow and transport are 
extremely heterogeneous and complex, particularly the expected drainage as macro- and 
mesopore processes substantially control the subsurface flow. The drainage hydrographs, 
showing the volume of water drained over time at each lysimeter site are shown in Fig. 
15 and Fig. 35. The hydrographs consists of two main phases or limbs; the rising limb 
which may be called the advancing phase and the falling limb which may be called the 
recession phase. 
The rising phase is characterized by a steep gradient from the time of the 
beginning of drainage to the peak of the drainage hydro graph. As soon as the peak is 
reached, the falling phase immediately takes over, and is characterized by a decreasing 
power function. 
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Table 21. Calculated Drainage Ratio and Crop Coefficient from Wetting Lysimeter Data 
at SunBrook, Spanish Fork, Murray and Logan Golf and Country Club 
LoeationDate Water Drainage Drainage KP82 Estimated Days 
Applied Volume Ratio ETr ET Ke 
(Liters) (Liters) (em) (em) 
SunBrook (JD 325,326,327) 
West 200 36.17 0.18 0.15 0.08 0.54 
25 24.11 0.96 0.15 0.09 0.57 
25 23.66 0.95 0.24 0.13 0.53 
East 200 22.52 0.11 0.15 0.08 0.54 
25 24.11 0.96 0.15 0.09 0.57 
25 23.59 0.94 0.24 0.14 0.57 
BYU Spanish Fork (JD 297,298,299,300) 
North 50 43.43 0.87 0.41 0.30 0.73 2 
25 22.45 0.90 0.48 0.23 0.48 3 
South 50 44.51 0.89 0.41 0.28 0.69 2 
25 22.40 0.90 0.48 0.23 0.48 3 
Logan Golf Course (JD 287- 297) 
West 40 12.78 0.32 0.74 0.39 0.53 2 
18.48a 16.67 0.90 0.36 0. 18 0.49 1 
12.85a 9.63 0.75 0.66 0.31 0.47 2 
20.98. 11.32 0.54 0.56 0.37 0.66 3 
East 35 2.58 0.07 0.74 0.40 0.54 2 
21.89. 6.06 0.28 1.42 0.73 0.52 4 
ll.67a 5.90 0.51 0.66 0.32 0.48 2 
21.50" 11.47 0.53 0.56 0.41 0.73 3 
Murray Golf Course (JD 261- 282) 
West 136.44b 30.61 0.22 1.17 0.67 0.57 3 
63.37b 23.12 0.36 4.11 2.30 0.56 11 
20.32. 13 .34 0.66 0.66 0.41 0.62 3 
East 137.23b 12.74 0.09 1.17 0.63 0.54 3 
83.78b 30.47 0.36 1.30 0.71 0.55 3 
18.35a 11.61 0.63 0.48 0.28 0.59 2 
a water applied due to precipitation only 
b wetting volume followed by precipitation 
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Spanish Fork Farm 
The hydrographs from data collected at Spanish Fork are shown in Fig. 15 to Fig. 
21. Figure 16 and Fig. 19 show both wetting of 50 L and 25 L for the south and north 
lysimeter, while Fig. 17 and 18 show individual wetting for the south and Fig. 20 and 21 
for the north. The peak of the drainage hydro graph depends on the total volume of 
drainage water from the lysimeter and the initial water content of the soil. For the soils in 
these lysimeters, complete drainage occurred within about 24 hours from the time of 
wetting. Problems encountered during the initial measurement period are shown by the 
wavy graphs in Fig.19 to 21. 
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Fig. 17. Drainage hydrograph measured at Spanish Fork- south lys imeter showing the 
first wetting of 50 L in day 297 of 2002 
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second wetting of 25 L in day 299 of 2002 
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Fig. 19. Drainage hydrograph measured at Spanish Fork - north lysimeter for both 
wetting of 50 and 25 L in day 297, 299 of 2002 
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Fig. 20. Drainage hydrograph measured at Spanish Fork- north lysimeter showing the 
first wetting of 50 L in day 297 of 2002 
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Sunbrook Golf Course 
The hydrographs from data collected at Sunbrook Golf Course are shown in Fig. 
22 to Fig. 29. Figure 22 and Fig. 26 show three wettings of200 L, 25 Land 25 L for the 
east and west lysimeter, while Fig. 23 to 25 show individual wetting for the east and Fig. 
27 and 28 for the west. 
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Fig. 21. Drainage hydrograph measured at Spanish Fork- north lysimeter showing 
second wetting of 25 L in day 299 of 2002 
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Fig. 22. Drainage hydrograph measured at Sw1brook Golf Course- east lysirneter for all 
wetting of200, 25 and 25 Lin day 325, 326, 327 of2002 
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Fig. 23. Drainage hydro graph measured at Sunbrook Golf Course- east lysirneter 
showing the first wetting of 200L in day 325 of2002 
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Fig. 24. Drainage hydro graph measured at Sun brook Golf Course - east lysimeter 
showing the second wetting of25L in day 326 of2002 
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Fig. 25. Drainage hydro graph measured at Sunbrook Golf Course - east lysimeter 
showing the third wetting of25L in day 327 of2002 
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Fig. 26. Drainage hydro graph measured at Sunbrook Golf Course- west lysimeter for all 
wetting of200L, 25L and 25 Lin day 325, 326, 327 of2002 
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Fig. 27. Drainage hydro graph measured at Sunbrook Golf Course - west lysimeter 
showing the first wetting of 200L in day 325 of 2002 
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Fig. 28. Drainage hydrograph measured at Sunbrook Golf Course - west lysimeter 
showing the second wetting of25L in day 326 of2002 
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Logan Gol[and Country Club 
The hydro graphs from data collected at Logan Golf and Country Club are shown 
in Fig. 30 to Fig. 31. Figure 30 shows wetting of 40 L followed by rainfall for the east 
lysimeter. Fig. 31 shows wetting of 35 L followed by rainfall for the west lysimeter. 
Compared to the east lysimeter, the drainage volume per unit time is higher for the west 
lysimeter. This indicates that indeed, the west lysimeter drains much quicker than the 
east lysimeter. The peak depends on the total amount of water available for drainage. 
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Murray Golf Course 
The hydro graphs from data collected at Murray Golf Course are shown in Fig. 32 
to Fig. 36. Figure 32 and Fig. 33 show two wettings of 100 Land 50 L for the west 
lysimeter and 100 Land 75 L for the east lysimeter. Figure 34- 35 show individual 
wetting for the east lysimeter. 
0.80 -,-------
------ -------------------. 40 
0.70 
060 
d0.50 
Q) 
E 
::J 
0 
> 0.40 
Q) 
01 
"' c g 0.30 
35 
30 
25 
20 
.. ----· ------ 15 
0.20 -
-··- . ----- ---·- ---·-· -· ------- 10 
- -------- ------ ------ ------------- -- -------- -·--- - 5 
oooooooooooooooooooooooooooooooooo 
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN ~N~NmNm~MWMOMO~ ~v~v~oo~OO~N~NffiNffi~MW ~N ~N ~N ~N ~N ~N 
Tirre 
Fig. 31. Drainage hydro graph measured at Logan Golf and Country Club- east lysimeter 
showing the first wetting of 40L followed by rainfall in day 287 of 2002 
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Fig. 34. Drainage hydrograph measured at Murray Golf Course - east lysimeter showing 
the first wetting of 1 OOL in day 261 of 2002 followed by rainfall 
3.5 .---------------------------------------------------
------------. 80 
3.0 ------ ---- .. .. 
2: 2 .5 
<il 
E 
:J 
~ 
"' 2 .0 
Ol 
"' c: -~ 
0 1.5 
.. . I 
II 
------------ -l- --
1.0 ............ --- --- --------------------------- ----- --------- .............. - --------------------------- ----- ..... --------
0.5 
------ -- -------- -------- ----- ------ ---------------------------- --- ------ --------------------------------- -- --------
I 
70 
60 
50 
40 
30 
20 
10 
0 .0 -lmmmmmmmmmn/ninlnnmm.nnnnnnnllllollllollllllllollollolllloollllllllllo "'"'"'""""''"'"''""" '""" '"""' """""""' '" ''""""'"""""'"""'''"""'''""'""""'"'"""'"'""""'"'"""''"'""'""""'m 0 
&~&~&~&~~~~~&~~~&~&~&~&~~~~~&~~~~ ~~~~~~~~~~~ ~~~~~~~~~~~~~~~ ~~~~~ 
Time 
Fig. 35. Drainage hydro graph measured at Murray Golf Course - east lysimeter showing 
second wetting of 75L in day 268 of 2002 
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The hydrographs are characterized by a steep slope for the advancing phase with a 
decreasing power function for the recession phase. This is probably due to the fact that 
once water reaches the bottom of the lysimeter, the soil above is already saturated and has 
reached its maxirnwn hydraulic conductivity. During this time, the velocity of the water 
entering the drainage pipe increases up to the maximwn potential head in the soil, until 
the velocity in the pipe is in equilibrium with the potential head. 
At the beginning of the recession phase, as the water drains, air enters to take up 
the space, which was occupied by the water. Due to the tortuous path in the soil, some 
pores get blocked earlier, providing resistance to the water flow, which might explain 
why the recession phase follows a power decay function. 
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Fig. 36. Drainage hydro graph measured at Mw-ray Golf Cow-se- east lysimeter showing 
the effect oflight rainfall in day 278 of2002 
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Defining the slope of the recession phase as a recession time constant (R TC), 
Endale et al. (2002) observed that a large value indicates a tortuous path with a large 
number of fine pores that release water slowly, while a small RTC indicates more water 
released through larger and probably more connected pores. The recession phase tends to 
follow a power curve. The RTC can be obtained from the slope of the regression line of 
the plot ofLn(volume) against time of the recession limb ofthe hydrographs, with time 0 
taken as the time at the peak of drainage. The inverse of the slope can give a response as 
to how fast the soil is draining under given conditions. 
Time to Beginning of Drainage 
The time for drainage to begin following wetting varied from 5 minutes at the 
Logan Golf and Country Club to 245 minutes at Murray Golf Course. The volume of 
water added during the wetting of the lysimeters was highest at Sunbrook Golf Course, 
200 liters and lowest at the Logan Golf and Country Club, 40 liters for the initial wetting. 
Water Flow Velocity 
To estimate the flow rates within the soil, the mean apparent I pore water flow 
velocity was calculated from the water flux (Darcy velocity, q), using Eq.47 and Eq.48. 
The water flux q represents the average velocity over the entire lysimeter area. The mean 
apparent/pore water velocity represents the average interstitial flow velocity in the liquid 
filled pores. The results are sunm1arized in Table 22. 
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Table 22. Volume of Added Water, Time to Begitming of Drainage, Amount of Drainage 
Volume, Estimated Water Content at the Time of Adding Water and Calculated Flux and 
Water Flow Velocity at Logan Golf and Country Club, Murray, Spanish Fork, and 
Sunbrook, 2002 
Lysimeter Volume Time Soil Column Drainage Water q v 
Added (min) Length Volume Content 
(L) (em) (L) 68 (m/min) (m/min) 
Logan Golf Course 
West 40 5 45.72 12.78 0.05 0.00775 0.16 
East 35 15 45.72 2.58 0.06 0.00226 0.04 
Murray Golf Course 
West 100 40 76 .20 30.61 0.125 0.00242 0.02 
50 30 76.20 19.66 0.021 0.00161 0.08 
East 100 245 76.20 12.74 0.149 0.000395 0.003 
75 32 76.20 25.0 0.06 0.00227 0.04 
BYU Spanish Fork 
North 50 19 76.20 43.43 0.0044 0.00255 0.58 
25 10 76.20 22.45 0.00023 0.00242 10.52 
South 50 13 76.20 44.5 1 0.0033 0.00373 1.13 
25 10 76.20 22.40 0.00029 0.00242 8.34 
SunBrook Golf Course 
West 200 170 76.20 36.17 0.206 0.00114 0.006 
25 13 76.20 24 .11 0.00113 0.00186 1.65 
25 15 76.20 23.68 0.0014 0.00161 1.15 
East 200 155 76.20 22.52 0.224 0.00125 0.006 
25 5 76.20 24.11 0.00126 0.00484 3.84 
25 l3 76.20 23.59 0.0018 0.00186 1.03 
The mean apparent velocity increases with soil wetness. At the Logan Golf and 
Country Club, the velocity is higher for the west lysimeter than for the east lysimeter. At 
Spanish Fork Farm, the north lysimeter has a higher velocity than the south lysimeter, 
meaning that the north lysimeter will drain faster per given time than the south. At 
Murray Golf Course the east lysimeter has a slower drainage for the first wetting than the 
west lysimeter, but during the second irrigation, the velocity were about equal. 
105 
At Sunbrook, both lysimeters showed similar velocities, which may indicate that 
the soils are similar in the two lysimeters. The water flux or Darcy velocity is given by 
Eq. (47) and the mean apparent/pore water velocity by Eq. (48): 
VolumeAdded 
q= 
v = _!]_ 
!!.B 
A* t 
where q is the water flux velocity (m/min); A is the area of the lysimeter (n/); tis the 
(47) 
(48) 
time taken for water to emerge at the bottom of the lysimeter as drainage; v is the mean 
apparent I pore water velocity (m/min); and !!.8 is the water content at the time of 
watering. 
The mean apparent velocity indicates the characteristics of the profile at a 
particular water content. For the Logan Golf and Country Club, the water content was 
about the same at the time of wetting but the apparent velocity for the west lysimeter was 
higher than for the east lysimeter. This generally agrees with many years of data for 
these lysimeters which shows the west lysimeter drainage always much higher than the 
east lysimeter drainage. This could be as a result of differences in the properties of the 
soil or a problem with the drainage pipe, cracked pipe which has been suspected in all the 
other years. 
At Spanish Fork, when the lysimeters were wetted, the water content was initially 
high due to a previous wetting and therefore it was not easy to tell whether the 
differences in apparent velocity were due to soil characteristics or due to errors in the 
estimation of the water content at the time of irrigation. On average the north lysimeter 
has a higher apparent velocity compared to the south lysimeter. At Sunbrook, the 
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apparent velocities are identical which indicate that the soils characteristics are the same 
for the two lysimeters. 
Drainage Hydrograph Results 
The figures below show the result of the modeled hydro graph compared to the 
observed hydrograph. Values for the various parameters are shown in Appendix (C). 
For the Spanish Fork north lysimeter, the model could not fit properly the rising limb of 
the hydrograph. There was discontinuity in the data because the tipping mechanism of 
the raingage was submerged; lost data could be obtained from the model. At Logan, a 
rainfall event was selected to see how the model could fit the data. The model could not 
fit very well the peak of the hydro graph of the rainfall data. The peak of the modeled 
hydrograph was sharp compared to the much flatter measured rainfall hydrograph due to 
continuous rainfall. Also, the model could not adequately fit the drainage from the west 
lysimeter. This might explain the strange behavior in drainage observed from this 
lysimeter since it was installed. At Murray, the observed peak in the East lysimeter is 
less than the model shows because drainage water was initially flowing under the 
drainage outlet pipe, instead of into the raingage. The effect of this and the time spent 
correcting this situation can be seem from the observed hydrographs. 
When the tipping bucket was submerged, no readings were observed and the 
drainage rate is shown as zero. In none of the measurements made did the bucket 
overflow. 
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Fig. 38 Observed and modeled hydrographs for first wetting for west lysimeter, and third 
wetting for west lysimeter at Sunbrook Golf Course, 2002 
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Fig. 40. Observed and modeled drainage hydrographs for first wetting for east and west 
lysimeter at the Murray Golf Course, 2002 
Results from Parametric Lysimeter Model 
Model Calibration 
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Calibration is required before the parametric lysimeter soil-water balance model 
can be used to simulate the effects of precipitation and irrigation on water movement in 
the unsaturated zone, and on drainage from the root zone. The accuracy of the model was 
tested by first comparing model calculated Kimberly Penman reference 
evapotranspiration, ETr, to those calculated by standard programs, Crop Simulation 
Model without a wind limit (CRPSM KP82_ 1000) and REF-ET using the 2002 season 
data for the Logan Golf and Country Club site. Secondly, the model was tested by 
comparing model output of deep drainage to drainage measured about twice weekly over 
a period of eight months at the Logan Golf and Country Club. Meteorological data, 
maximum and minimum temperature, maximum and minimum relative humidity, 
average daily wind speed and total daily solar radiation were collected from a nearby 
electronic weather station and used as input to the model for calculating the reference 
ETr. Infiltration data, irrigation and rainfall, were measured by two raingages placed 
adjacent to each other at opposite corners of each lysimeter. Drainage data was collected 
with a 25-liter (6-gallon) bucket placed inside a manhole adjacent to each lysimeter. The 
root activity volume was considered to be equivalent to the depth of the lysimeter. The 
reference evapotranspiration calculated by the model was generally in good agreement 
with REF-Et and CRPSM. The seasonal depth of drainage calculated by the model was 
26.4 mm greater for the west lysimeter and 37.7 mm for the east lysimeter, respectively. 
To begin simulation of the drainage and the soil water balance, the initial soil 
moisture had to be estimated. This, depending on whether the season begins with 
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drainage water collected in the bucket, in which case the beginning moisture content can 
be taken to be greater than field capacity or if it begins with a deficit, then the moisture 
content is less than field capacity. At the beginning of measurements, the buckets and 
raingages were emptied. However, if the soil was above field capacity, from thawing 
frozen soil, there will be water draining even before irrigations begins. Field capacity 
and the initial moisture content were the hardest to estimate. Field capacity was 
estimated from wetting data, and extrapolating backwards to the previous irrigation or 
major rainfall. The initial moisture content was estimated backwards from measured 
drainage. If no drainage occurred, then a value from the wetting experiment was used. 
The change is so il water (depletion), irrigation minus drainage and irrigation plus 
precipitation for the period March 28 to October 7 for the Logan Golf and Country Club 
is shown in Fig. 41 for the east lysimeter and Fig. 42 for the west lysimcter, respectively. 
The west lysimeter began the season with higher soil moisture content than the east 
lysimeter. Since the lysimeters are irrigated independently from each other, its possible 
that the west sprinkler system was at some point switched on while the east sprinkler 
system was off. The amount of irrigation plus rainfall is different tor the two lysimeter 
sites because of unequal raingage catch efficiency due to differing nozzle discharges and 
possible wind drift. 
The model calculates the crop coefficient at each irrigation, depending on whether 
drainage occurred. The water balance is solved for each day for the crop 
evapotranspiration. 
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The following additional assumptions had been made in the execution of the model. 
First, it has been assumed that all measurements are made early in the morning before 
any irrigation or rainfall for the day. Secondly, it assumed that water could be stored in 
the root zone until field capacity is reached. Thirdly, the minimum value of the 
depletion, is zero, if drainage occurred, and the next depletion begins with the 
evapotranspiration of the day. The water content in the root zone will decrease at a rate 
proportional to the reference evapotranspiration, while the root zone depletion will 
mcrease. 
Crop coefficients for days prior to irrigation or rainfall were taken to be equal to 
the crop coefficient on the day of irrigation or rainfall. The model tended to predict 
higher crop factors particularly during consecutive rainfall/irrigation days . This might be 
due to the increased evaporation occurring when the soil surface is wetted by irrigation or 
rainfall . Also, it is possible that the reference equation does not adequately accow1t for 
wet (cool) conditions. 
Short-term variation in crop coefficients at the Logan Golf and Country Club is 
shown in Fig. 43 for 2002 season. Assuming that irrigation/rainfall took place twice 
weekly, on the fourth and last day of the week, did not change the seasonal average crop 
coefficient. Short-term variations changed slightly. 
A statistical comparison of the model predicted Kc to a value of 0.56 showed an 
over-prediction by the model (AE = 0.07) for the east and an under-prediction 
(AE = -0.09) for the west lysimeter at the Logan Golf and Country Club. The predicted 
crop factor for the east lysimeter was 0.63 and 0.47 for the west. The seasonal average 
was 0.55. 
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Model Validation 
The calibrated model subsequently required validation on another independent 
data set, which was not used for the calibration. This was done with data obtained from 
three sites; Murray, Spanish Fork, and Sunbrook Golf Course. Both Murray and 
Sunbrook had no observed drainage during the experimental period. These sites 
presented the opportunity to test the model under no drainage conditions. An example of 
the input data file to run the model is shown in Appendix E for the Logan Golf and 
country Club. A corresponding output file is also shown. 
In addition to the input data file , some additional parameters are requred at the 
input. These are shown in Table 23. The site elevation is read is English units but 
converted in the model to metric units. 
Table 23. Input Parameters to Run the Lysimeter Soil Water Balance Model for Logan, 
Murray, Spanish Fork, and Sunbrook, 2002 
Parameter Logan Murray Spanish Fork Sun brook 
Elevation, ft 4790 4280 4720 2650 
Latitude, degrees north 41.75 40.63 40.05 37.06 
Longitude, degrees west 111.80 111.92 111.36 113.38 
Wind measurement height 3 3 3 3 
Rscalibration 0.9842 0.9561 0.9324 1.0186 
Ref crop height,m 0.50 0.50 0.50 0.50 
Lysimeter depth, em 45 .72 76.2 76.2 76.2 
L . 2 ys1meter area, m 1.0 1.0 1.0 1.0 
Field capacity, East 0.35 0.35 0.35 0.40 
Initial Water content, East 0.05 0.31 0 0.39 
Kc East lysimter * 0.56 0.56 0.56 0.56 
Field capacity, West 0.35 0.35 0.35 0.40 
Initial Water content, West 0 0.29 0 0.35 
Kc West* 0.56 0.56 0.56 0.56 
1. Parameters marked with a star (*) are changed during the simulation 
Table 24. Model Predicted Seasonal Turf grass Crop Coefficients for the Logan Golf 
and Cow1try Club, Murray, Spanish Fork, and Sunbrook, 2002 
Site Period 
Logan Mar 28 - Oct. 9 
Murray May 4 - Oct 7 
Spanish Fork* May 10- Oct 3 
Sun brook Feb. 25 - Nov. 5 
East West SeasonalA verage Kc 
Model Manual 
0.63 0.47 0.55 0.57 
0.64 0.67 0.65 0.65 
0.55 0.61 0.58 0.57 
0.59 0.59 0.59 0.57 
Note: * north and south at Spanish Fork, manual values from Table 4 and 5 
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A summary of the seasonal crop coefficients predicted by the model is shown in Table 24 
for the Logan Golf and Country Club, Murray, Spanish Fork, and Sunbrook Golf Course. 
Model estimated crop coefficients showed seasonal variations ofless than 3.5% at Logan 
Golf and Country Club, of 0% at Murray, less than 2% at Spanish Fork, and less than 
3.5% at Sunbrook relative to calculations done in CRPSM neglecting the change in soil 
moisture. With uncertainties in field capacity estimates, soi l moisture depletions, runoff 
and interception losses, these estimates give confidence that this model provides an 
accurate representation of the crop coefficients and hence the soil water balance and 
amount of deep drainage. 
The primary purpose of irrigation is to apply water at the right time and in the 
right amount. By calculating the soil water balance of the root zone on a short term basis, 
the timing and the depth of future irrigations can be plarmed, to avoid both crop water 
stress and excessive deep percolation losses. 
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Sources of Error 
With the increasing use of simulation models, it is vital that confidence can be 
placed in model outputs. There are basically two main sources of error in simulation 
models outputs: model error and parameter error. According to Jarvis et al. 2000, model 
error results from incorrect or undue simplification of process descriptions in the model 
and neglect of significant processes. Clearly, some degree of model error is inevitable, 
since by definition models are simplifications of reality. However, in principle, model 
errors should be minimized when the mechanistic process descriptions are used and in 
detailed models which include as many relevant processes as possible. 
Parameter error is the use of inappropriate parameter values. This error arise 
either because the required data is not available, because they are interpreted in different 
ways by different users, or because the measurements are themselves subject to error or 
for some reason do not adequately reflect the prevailing field conditions. This may be 
potentially serious for comprehensive data-demanding simulation models and for those 
parameters for which relevant model outcome is especially sensitive. For example, in 
this model, errors in the equations leading to the determination of the reference 
evapotranspiration. Parameter error is particularly critical where models are used 
predictively, since methods for parameter estimation may introduce additional sources of 
error. Potential errors may also be magnified for users of a more complex simulation 
model, who may be specialists in some aspects of the subject but relatively inexperienced 
in others. 
In this model, the lysimeter bottom boundary conditions are such that, water can 
drain from the lysimeter only when the bottom layer is saturated and under zero pressure 
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head or greater. Hence, the model might predict drainage only to find that the field 
conditions are not conducive for drainage to occur. This is the reason why the emphasis 
is on calculating crop coefficients based on measured drainage instead of modeled 
drainage. 
The freezing of the soils during winter and spring and thawing in summer cause 
micro pore differences, which might explain why the model fail to accurately predict crop 
coefficients over consecutive rainfall days when the soil is continuously saturated . 
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CHAPTER VI 
SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 
Summary 
The objective of this study was to determine turfgrass water use (crop, Kc) 
coefficients and to develop a mathematical soil-water balance model for non-weighing 
drainage lysimeters, which simulates the occurrence (timing and amount) of drainage to 
improve turf water management. 
Pairs of non-weighing drainage lysimeters were used to determine crop 
coefficients for turf-grass in four locations in the State of Utah; Logan Golf and Country 
Club, Murray Golf Course, Brigham Young University (BYU) (Spanish Fork) 
Experiment Farm, and Sunbrook Golf Course (St. George). Weather data for use in the 
ASCE Standardized Penman - Monteith, F A056 and 1982 Kimberly-Penman equations 
was collected with an electronic weather station at each site. 
Turf growing season water use (averages of two lysimeters) varied from 55 to 85 
em for 8 years for the period mid April through late October observation period 
(excluding the years 1996 to 1999) at the Logan Golf and Country Club. Calculated crop 
coefficients based on alfalfa reference evapotranspiration with the 1982 Kimberly-
Penman equation, with a wind travel limit of 100 miles per day, averaged 0.56 for the 
twelve years, and seasonal averages varied from 0.44 to 0.65. Seasonal crop coefficients 
(2002) were 0.57 for Logan, Spanish Fork, and Sunbrook, and 0.65 for Murray. Crop 
coefficients varied within the season. 
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Short term crop coefficients derived from a wetting and drainage experiment 
averaged 0.57 for the east and 0.53 for the west lysimeter at Logan, 0.54 for the east and 
0.57 for the west lysimeter at Murray, 0.61 for the north and 0.59 for the south lysimeter 
at Spanish Fork, and 0.56 and 0.55 for the east and west lysimeter at Sunbrook. 
A parametric lysimeter soil water balance model was developed which simulates 
the change in soil moisture depletion, timing and amount of drainage, and seasonal crop 
coefficients. Model estimated coefficients were 0.55 for Logan, 0.65 for Murray, 0.58 
for Spanish Fork, and 0.59 for Sunbrook. The parametric soil water balance model over 
predicted drainage at both Logan and Spanish Fork. 
Conclusions 
The results of this study show that, in Utah, turfgrass irrigation in Golf Courses 
and landscape areas can be scheduled, using the 1982 Kimberly Penman ETr equation, 
that has been adjusted with a crop coefficient from 0.55 to 0.65 depending on location, 
provided that the soil conditions are maintained in a reasonable maru1er. The estimated 
seasonal average crop coefficients of 0.57 for Logan, Spanish Fork, and Sunbrook; are 
not significantly different from the 0.56 value which had been used earlier in Cache 
Valley. The reason for the seasonal average crop coefficient of 0.65 for Murray needs 
further investigation because it's higher than those obtained from the three sites. 
The model was calibrated with data from the Logan Golf and Country Club, and 
validated with data from Murray, Spanish Fork Farm, and Sunbrook. The model 
reasonably estimates crop coefficients under various site conditions. The model also 
simulates the soil water depletion in the profile and the amount of drainage. The greatest 
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differences between measured and modeled drainage tended to occur during consecutive 
rainfall/irrigation days. This might mean that the model does not adequately account for 
soil water retention conditions. Observations at the Logan Golf and Country Club 
indicate that the majority of drainage below the root zone during the season occurred in 
spring and late autumn. 
Recommendations 
The following suggestions for future research are based on problems observed 
during the study. In this study, a parametric soil water balance model was developed. 
The model requires an initial estimate ofthe water status of the soil at the beginning of 
the measurements. The preferred procedure could have been to ensure that the soil in the 
lysimeters was recharged to field capacity prior to initiation of each season's irrigation 
measurements. This could enable an accurate initial soil water storage to be known, 
which is of great importance particularly for irrigations and rainfall which result in no 
drainage. 
The model simplifies the soil-water extraction processes and may not be suitable 
for some situations. Clearly, the model is not capable of providing information for time 
steps of less than a day. Also, the model ignores soil water dynamics and treats the soil 
as a homogeneous mass. It treats the infiltration, storage, and drainage processes as 
essentially instantaneous processes. This may lead to underestimating water storage and 
overestimating drainage. Another simplification in this model is the assumption that all 
rainfall enters the soil, and it ignores runoff and interception losses. This, too, will tend 
to overestimate the amount of deep drainage. 
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In addition to simplifications in the model, there is uncertainty in climate 
parameters because it depends on current weather conditions and future weather 
conditions are unknown. This means that the future water extraction cmmot be estimated 
with certainty. However, if reasonable future weather predictions can be made, then the 
model can predict for such with some degree of confidence. The model also uses only or 
performs soil moisture depletion, which allows analysis only for periods when either 
irrigation, precipitation and or deep drainage data are available. 
The parametric lysimeter model developed in this study should be tested with 
different varieties of turfgrass of varying crop coefficients to determine if there is 
significant variation between varieties. Also the model should be tested against measured 
soil water contents to determine if the predicted depletions closely match measurements. 
The estimated crop coefficients depend on the accuracy with which drainage is measured 
and on the initial soil water content at the time of irrigation or rainfall. 
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Table 25. Weather Data: Maximum and Minimum Temperature, Maximum and 
Minimum Relative Humidity, Precipitation, Average Wind Speed, Total Solar Radiation, 
Average soil Temperature; and Lysimeter Data: East and West Raingage Readings and 
Deep Drainage at the Logan Golf and Country Club, 2002 Season 
Year JD 
2002 87 
2002 98 
2002 102 
2002 106 
2002 112 
2002 116 
2002 120 
2002 123 
2002 126 
2002 130 
2002 133 
2002 137 
200 2 140 
2002 148 
2002 151 
2002 155 
2002 158 
200 2 161 
2002 165 
2002 168 
2002 172 
2002 175 
2002 176 
2002 177 
2002 178 
2002 179 
2002 182 
2002 184 
2002 186 
2002 189 
2002 190 
2002 192 
2002 196 
2002 198 
2002 201 
2002 203 
2002 205 
2002 206 
2002 207 
2002 210 
2002 212 
2002 21 4 
2002 217 
2002 218 
2002 220 
2002 221 
2002 224 
2002 225 
2002 226 
2002 231 
2002 232 
2002 235 
2002 238 
2002 240 
2002 242 
2002 244 
TX TN 
57.2 33.2 
59.8 35.9 
64.9 43.0 
48.0 26.8 
61.3 36.4 
53.4 39.9 
65.8 42.3 
62.8 47.4 
69.7 44.0 
50.2 37.1 
73.4 43.9 
75.5 43.0 
79.2 55.6 
79.7 52 .8 
88.2 55.2 
74.6 45.6 
82.3 56.2 
60 7 32.9 
84.8 56.8 
84.0 54.4 
87 .8 58.4 
91 .0 59.0 
97.9 58.7 
928 58 2 
92.2 60.0 
92.4 61 .4 
91 .3 57.9 
89.5 67.6 
93.6 59.7 
91 .9 60.0 
92.6 58.4 
98.4 67 .2 
95.7 66.1 
90.3 63.7 
85.8 6 1.2 
89.0 65.2 
94 .3 65.6 
84 .5 61.1 
82.0 55.9 
87.3 54.9 
89.5 60.6 
82.7 63.4 
86 .9 59.2 
85.2 58.9 
76. 1 52.6 
77.3 47.5 
82.2 57 1 
81.5 54.9 
85.8 52.4 
86.2 55.6 
84.2 61 .8 
81.8 57.7 
85.0 55.7 
87.1 64.7 
84 .1 59.0 
84.9 56.1 
RHX 
71 
68 
69 
103 
68 
99 
70 
58 
66 
96 
59 
54 
60 
68 
56 
67 
66 
98 
92 
5 '1 
66 
90 
73 
73 
94 
52 
55 
42 
55 
84 
58 
44 
53 
64 
77 
51 
53 
84 
76 
53 
50 
71 
33 
36 
51 
61 
48 
54 
51 
45 
45 
52 
54 
47 
51 
51 
RHN PPT WND RS TSA E1 E2 DPE W1 W2 DPW 
30 0.00 103 504 41 .7 0.00 0.00 0.00 0.00 0.00 0 .00 
26 0.00 199 518 48.3 0.00 0.00 0.00 0.18 0.33 0.00 
30 0.00 222 477 49.5 0.31 0.31 0.00 0.31 0.31 0.00 
40 0.02 109 342 44.7 0.55 0.75 0.00 0.75 0 .78 0.00 
25 0.00 212 523 46.8 1.09 1.06 0.00 1.00 1.13 0. 17 
37 0.09 228 211 ~3 1~ 1 ~ 000 098 0~ 000 
24 0.04 191 600 ~3 1 ~ 1~ 098 1 ~ 1~ 1 00 
27 0.00 155 400 51.9 0.24 0.20 0.04 0.22 0.20 0.00 
20 0.02 130 690 53.9 0.43 0.43 0.03 0.39 0 .35 0.00 
46 0.02 169 244 48.3 0.57 0 35 0.03 0.44 0.20 0.06 
12 0.02 259 724 54.7 0.25 0.23 0.00 0.23 0.23 0.00 
17 0.02 282 659 56.4 0.36 0.34 0.03 0.40 0.37 0.00 
15 0.00 247 487 ~1 1- 056 000 077 0~ 000 
20 000 238 679 62.2 1.85 1.33 0 30 1.80 1.43 1 32 
17 000 245 722 65.3 0.42 0.22 0.19 0.37 0 .20 0 00 
20 0.00 237 750 63.2 1.65 1.14 0.59 1.65 1.15 0.94 
15 0 00 170 684 65.7 1.27 0. 76 0.50 1.26 0.69 0 .94 
27 0.00 160 700 58.6 0.72 0.72 0.31 0.63 0.50 0.21 
14 0 00 201 760 65.0 1.52 1.20 0 .75 1.39 0.72 0.97 
14 0.00 252 704 65.9 1.l2 1.32 0 74 1.05 1.02 0.98 
13 0.00 163 690 68.4 1.45 1.27 0.50 1.23 0.90 0.33 
10 0.00 217 758 69.2 1.54 1.17 0.52 0.92 0.63 0.57 
11 0.00 192 784 69 5 0.71 0.61 0.25 0.54 0.27 0.29 
14 001 226 492 52 0~ 0~ 000 0~ 0~ 000 
10 0.00 225 628 68 4 0. 78 0 52 0.22 0.59 0.27 0.19 
9 0.00 308 736 68 4 0 .05 0.05 0.00 0.01 0.01 0.00 
13 0.00 174 752 69.3 1.30 0.91 0.25 1.28 0 .75 0.99 
13 0.00 288 566 68.8 0.67 0.45 0.13 0.41 0.27 0.10 
13 0.00 178 734 69.5 0.70 0.46 0.10 0.52 0.41 0.06 
13 0.00 221 745 71 2 0.58 0.51 0.10 0.53 0.40 0.17 
9 0.00 188 759 71.0 0.51 0.46 0.04 0.52 0. 75 0.05 
6 0.00 179 751 71.2 0.62 0.44 0.00 0.48 0.43 0.06 
15 0.00 187 662 728 1.28 1.12 0.22 1.02 0.50 0.23 
23 0 .00 172 675 72.2 0.52 0.36 0.04 0.48 0.33 0.37 
25 0.00 209 647 71.0 0.77 0.53 0.19 0.93 0.55 0.27 
19 0 .00 210 520 70.6 0 .72 0.55 0.22 0.94 0.63 0.47 
13 0.00 244 658 71.0 0.52 0.42 0.06 0.42 0.32 0.05 
26 0 .00 218 645 71.5 0 .39 0.31 0.01 0.40 0.30 0.01 
26 0.00 240 673 70.2 0.27 0.27 0.00 0.27 0.27 0 .00 
18 0.00 194 688 69.2 1.49 0.77 0.51 1.68 0.70 0.84 
17 0 .00 210 583 68.8 0.55 0.27 0.1 4 0.42 0.23 0.15 
24 0.00 226 361 66.7 0.91 0.37 0.34 0.71 0.37 0.56 
13 0 .08 318 622 67.3 0.27 0.50 0.12 0.22 0.40 0.17 
14 0.05 290 587 66.1 0 .65 0.33 0.08 0.41 0.22 0.41 
10 0.00 147 688 65.9 0.57 0.54 0.08 0.50 0.40 0.07 
14 0.00 208 674 64.7 0.08 0.07 0.01 0.00 0.00 0.00 
15 0.00 113 655 66.7 0.81 0.76 0.03 0.88 0.78 0 .04 
19 0.09 198 556 66.0 0. 11 0. 1 1 0. 01 0.00 0.00 0.00 
11 0.00 210 662 ~7 0~ 0~ 0 00 0~ 0~ 000 
13 0.13 200 599 65.4 1.16 0.84 0.00 1.17 0.89 0.01 
13 0.00 240 529 65.7 0.76 0.46 0.01 0.84 0.56 0.26 
15 0.00 11 8 502 M7 0~ 0~ 000 0~ 0~ 0~ 
11 0 .00 178 593 ~2 1~ o~ o~ 1~ on oro 
13 0.00 2 11 577 ~7 068 o~ o~ on o« o~ 
12 0.00 233 538 64.6 0.78 0.58 0. 19 0.67 0.39 0.46 
15 0.00 216 574 63.6 0.80 0.33 0.32 0.58 0.29 0.56 
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Table 25. Continued 
2002 246 86.6 58.4 51 14 0.00 279 542 64 .3 0.82 0.36 0.35 0.69 0 .35 0 .60 
2002 248 83.2 57.4 60 21 0.00 236 368 63.4 0 .86 0.40 0.27 0.79 0.43 0.65 
2002 249 68.1 54.8 95 50 0.05 156 11 7 63.1 0.31 0.27 0.06 0.23 0 .24 0 .06 
2002 250 73.3 53.8 99 45 0.00 141 167 62.2 0.37 0.34 0.18 0.34 0 .33 0.17 
2002 251 63.7 50.6 100 65 0.00 96 226 61.4 1.64 1.59 1.21 1.60 1.63 1.17 
2002 252 69.5 50.4 96 29 0 .00 181 552 62.3 0.13 0.13 0.00 0.14 0 .15 000 
2002 256 78.1 52.0 73 33 0.00 197 529 63.4 0.37 0.23 0.03 0.38 0.27 0.03 
2002 259 80.5 53.8 78 17 0.00 256 345 61 .8 067 0.41 0.18 0.59 0.24 0.41 
2002 260 59.3 49.7 97 58 0.00 86 54 60.1 0.95 0.91 0.66 0.94 0 .87 0 .68 
2002 261 62.0 46.4 97 41 0.01 111 318 59.6 018 0.18 0.00 0. 18 0.18 0.00 
2002 262 65.8 41.0 84 35 0.00 191 504 59.0 0.03 0.03 0.00 0.00 0.00 0.00 
2002 268 73 .1 50.8 62 20 0.00 170 405 59.0 0.45 0.28 0.01 0.41 0.15 0.02 
2002 273 58.4 42.7 92 32 0.00 78 350 57 2 1 13 0.76 0.01 0.96 0 .60 0.24 
2002 275 52.8 37 .7 98 50 0.01 188 379 52.7 on 0.71 0.56 07.3 0.71 0.65 
2002 277 54.4 42.5 96 54 0.00 76 131 53.4 0.04 004 000 0.04 0 .04 0.00 
2002 280 67.0 40.0 78 36 0.00 215 417 54.0 0 .03 0.03 0.00 0.03 0 .03 0.00 
137 
Table 26. Weather Data: Maximum and Minimum Temperature, Maximum and 
Minimum Relative Humidity, Precipitation, Average Wind Speed, Total Solar Radiation, 
Average Soil Temperature; and Lysimeter Data: East and West Raingage Readings and 
Deep Drainage at the Murray Golf Course, 2002 Season 
Year JD TX TN RHX RHN PPT WND RS TSA E1 E2 OPE W1 W2 DPW 
2002 124 68.3 41 .3 94 28 0.01 98 671 54 .8 0.25 0.20 0.00 0.22 0.22 0.00 
2002 127 69.0 37.5 61 23 0.00 238 500 57.0 0.40 0.25 0.00 0.25 0.25 0.00 
2002 131 57.8 42.3 101 48 0.27 135 350 53 .7 0.30 0.30 0.00 0.30 0.28 0.00 
2002 133 78.0 39.7 92 9 0.00 127 782 56.6 0.40 0.40 0.00 0.37 0.35 0.00 
2002 140 84.7 55.0 59 11 0.03 254 640 59 .9 1.40 135 0.00 1.35 1.30 0.00 
2002 147 83.5 46.8 97 14 0.08 92 713 61 .1 1.02 0.98 0.00 1.06 1.02 0.00 
2002 154 71.4 52 .1 97 23 0.02 109 702 65.3 1.35 1.30 0.00 1.40 1.30 0.00 
2002 161 64.2 45.1 71 21 0.00 67 364 64.4 1.15 1.10 0.00 1.05 1.05 0.00 
2002 168 86.4 57.1 64 11 0.00 108 743 68.8 1.15 115 0.00 1.20 1.20 0.00 
2002 182 94.0 62.2 73 15 0.02 106 747 71 .5 2.90 2.90 0.00 2.90 2.85 0.00 
2002 189 93.8 67.5 57 12 0.01 157 756 73.8 "1.95 2.05 0.00 1.90 1.90 0.00 
2002 196 95.3 69.8 61 16 0.00 148 635 77.2 1.60 1.65 0.00 1.40 1.35 0.00 
2002 203 94.7 58.7 75 15 0.01 92 497 75.9 1.70 1.60 0.00 1.90 1.80 0.00 
2002 210 87.9 55 .1 69 18 0.13 93 708 74.3 1.50 1.45 0.00 1.50 1.40 0.00 
2002 217 90.6 64.8 52 11 0.00 186 650 71 .8 1.50 1.45 0.00 1.50 1.40 0.00 
2002 224 83.1 55.5 73 12 0.03 121 676 70.9 1.50 1.50 000 1.50 1.50 0.00 
2002 231 94.3 53 .1 64 13 0.01 139 503 71 .5 1.55 1.55 0.00 1.60 1.55 0.00 
2002 238 84.1 51.4 84 14 0.00 126 616 69.8 1.10 1.10 0.00 1.25 1.20 0.00 
2002 245 86.4 52 .6 71 18 0.01 92 600 69.4 1.05 1.10 0 00 1.50 1.45 0.00 
2002 252 70.9 48.1 103 30 0.00 91 564 66.5 1.30 1.30 0.00 1.25 1.25 000 
2002 259 84.6 52 .5 102 17 0.46 132 243 65.8 0.30 0.35 0.00 0.30 0.25 0.00 
2002 266 78.7 42.1 88 12 0.00 81 506 63.4 0.65 0.65 0.00 0.65 0.60 0.00 
2002 268 74.6 48.2 84 21 0.00 92 339 64.3 0.33 0.30 0.00 0.49 0.49 0.00 
2002 273 60.7 49.7 98 36 0.06 148 271 61 .5 0.30 0.30 0.00 0.30 0.25 0.00 
2002 280 68.1 39.6 101 38 0.00 71 430 58 .2 0.80 0.80 0.00 0.80 0.80 0.00 
2002 282 71 .8 39.0 97 26 0.00 80 424 58.3 0.16 0.16 0.00 0.15 0.15 0.00 
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Table 27. Weather Data: Maximum and Minimum Temperature, Maximum and 
Minimum Relative Humidity, Precipitation, Average Wind Speed, Total Solar Radiation, 
Average Soil Temperature; and Lysimeter Data: East and West Raingage Readings and 
Deep Drainage at the Spanish Fork Farm, 2002 Season 
Year JD TX TN RHX RHN PPT WND R5 T5A N1 N2 OPE 51 52 DPW 
2002 130 60.2 37.1 31 15 0.00 38 321 50.6 0.99 0.85 0.00 2.00 2.01 0.96 
2002 133 79.4 40.5 20 11 0.00 38 647 54.0 0.03 0.03 0.00 0.03 0.03 0.00 
2002 134 77.0 50.7 17 12 0.00 43 633 57.0 0.39 0.50 0.00 0.61 0.62 0.22 
2002 142 56.2 34.1 41 16 0.00 40 529 52.3 0.76 0.80 0.01 0.78 1.08 0.00 
2002 149 88.1 48.6 18 10 0.00 33 674 62.3 0.70 0.64 0.17 0.73 1.78 0.69 
2002 156 84.2 47.9 18 11 0.00 29 801 62.5 0.40 0.55 0.00 0.67 1.28 0.00 
2002 162 75.0 39.3 20 12 0.00 33 816 60.6 1.10 1 06 0.00 0.86 1.43 0.39 
2002 168 89.4 55 .3 16 9 0.00 43 783 67.4 0.98 0.94 0.00 0.85 1.10 0.13 
2002 175 96.2 55.7 16 8 0.00 25 803 69.1 0.99 0.97 0.00 1.12 1.25 0.19 
2002 184 91 .1 66.6 14 9 0.00 57 506 70.2 0.98 0.90 0.00 0.84 1.00 0.08 
2002 191 97.1 61 .7 15 8 0.00 31 731 72.6 0.76 0.75 0.00 0.78 0.85 0.00 
2002 199 83.2 60.3 17 11 0.00 48 450 70.4 1.19 1.10 0.00 1.04 1.34 0.00 
2002 205 98.2 63.8 15 8 0.00 53 607 71.2 1.09 0.97 0.00 1.05 1.36 0.00 
2002 206 88.4 59.0 33 10 0.00 50 663 72 .1 0.29 0.24 0.00 0.20 0.23 0.00 
2002 211 97.9 56 .2 16 8 0.00 25 711 70.3 1.07 0.98 0.00 1.22 1.04 0.00 
2002 218 88.8 58 .5 16 10 0.00 46 575 66.8 1.15 1.10 0.00 1.18 1.30 0.00 
2002 225 89.5 54 .3 17 10 0.00 24 672 67.7 0.85 0.80 0.47 1.10 1.93 0.19 
2002 232 89.9 64.5 15 9 0.00 122 615 66.3 0.99 0.89 0.00 0.92 0.98 0.14 
2002 239 78.7 54.0 17 12 0.00 46 460 64.5 0.88 0.98 0 00 1.05 1.47 0.00 
2002 247 93.8 57 .0 16 9 0.00 75 557 63.0 0.98 1.07 0.00 0.94 1.33 0.00 
2002 252 75.9 46.7 38 12 0 00 24 552 61 .0 0.54 0.52 0.00 0.54 0.49 0.06 
2002 276 52.2 40.5 46 19 0.00 30 121 49.9 1.44 1.53 0.47 1.41 1.50 0.47 
2002 291 70.7 35.3 30 13 0.00 24 357 48.0 0.92 0.87 0.51 1.09 0.90 0.06 
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Table 28. Weather Data: Maximum and Minimum Temperature, Maximum and 
Minimum Relative Humidity, Precipitation, Average Wind Speed, Total Solar Radiation, 
Average Soil Temperature; and Lysimeter Data: East and West Raingage Readings and 
Deep Drainage at the SunBrook Golf Course, 2002 Season 
Year JD TX TN RHX RHN PPT WND RS TSA E1 E2 OPE W1 W2 DPW 
2002 53 76.5 37.1 68 
2002 
2002 
2002 
2002 
2002 
2002 
2002 
56 
63 
70 
77 
84 
91 
98 
2002 105 
2002 112 
2002 119 
2002 126 
2002 133 
2002 140 
2002 148 
2002 154 
2002 161 
67.2 31 .2 
66 .7 18.5 
72.1 35.5 
55.2 38.9 
67.5 34.5 
86.3 39.6 
79.8 43 .9 
80.0 53.2 
83.9 35.6 
83.0 46 .0 
87 .2 44.4 
92 .3 46 .6 
83.1 59 .8 
93.6 50 .6 
87.8 59.4 
89.8 50.3 
2002 168 103.9 54 .1 
2002 175 107.2 54.4 
2002 182 110.1 60 .5 
2002 189 109.2 60.3 
2002 196 99.8 75 .3 
2002 203 103.8 66.1 
2002 210 105.7 59.2 
63 
63 
67 
69 
99 
67 
65 
45 
72 
69 
65 
63 
52 
69 
69 
54 
58 
63 
66 
69 
69 
65 
70 
2002 217 95.9 57.4 69 
2002 224 106.3 58 .2 60 
2002 231 96.3 67.5 67 
2002 238 98.4 53 .7 64 
2002 246 99.4 62.4 63 
2002 253 89.0 57.3 
2002 260 90.2 50.3 
2002 267 96.7 49 .5 
2002 274 75.5 52.8 
2002 281 89.9 43.5 
2002 288 90.4 38.0 
2002 295 68.9 47.4 
2002 302 68 .2 41.4 
2002 309 74.6 24.5 
73 
75 
66 
74 
86 
71 
80 
95 
76 
9 0.01 13 311 49.2 0.00 0.00 0.00 0.00 0.00 0.00 
9 
8 
14 
26 
19 
8 
13 
10 
8 
11 
9 
7 
10 
10 
17 
5 
4 
7 
9 
7 
17 
11 
7 
0.01 130 
0.00 33 
0.00 74 
0.00 144 
0.00 48 
0.02 64 
0.00 79 
0.01 
0.02 
0.00 
0.00 
0.00 
0.01 
0.02 
0.22 
0.02 
286 
52 
96 
72 
44 
192 
58 
90 
83 
0.02 69 
0.02 42 
0.00 79 
0.03 61 
0.02 108 
0 00 72 
0.01 72 
11 0.03 73 
7 0.05 86 
17 0.06 89 
4 0.06 62 
10 0.02 63 
24 
9 
8 
23 
12 
7 
45 
14 
12 
0.01 64 
0.04 65 
0.03 47 
0.01 108 
0.00 41 
0.01 27 
0.00 84 
000 62 
0.00 27 
448 46.3 0.73 0.73 0.00 0.67 0.71 0.00 
482 41 .3 0.63 0.68 0.00 0.62 0.64 0.00 
452 47.8 0 .86 0.90 0.00 0.71 0.76 0.00 
436 47.2 0.50 0.55 0.00 0.50 0.50 0.00 
564 53 .0 0.63 0.77 0.00 0.70 0.45 0.00 
592 58.2 0.70 0.76 0.00 0.75 0.48 0.00 
570 60.6 0.91 0.96 0.00 1.02 1.07 0.00 
426 
652 
652 
674 
642 
588 
702 
465 
729 
62.5 0.77 0.77 0.00 1.16 1.03 0.00 
58 .2 0.82 0.82 0.00 1.03 1.05 0.00 
63.2 1.16 1.06 0.00 0.77 0.77 0.00 
65.2 1.00 0.86 0.00 0.79 0.79 0.00 
66.9 1.05 0.92 0.00 0.81 0.81 0.00 
66.9 1.22 1.12 0.00 1.10 1.30 0.00 
71.6 1.43 1.71 0.00 1.25 1.46 0.00 
71 .2 1.41 1.44 0.00 1.25 1.22 0.00 
70.9 1.46 1.45 0.00 1.28 1.26 0.00 
732 75 .1 1.08 1.02 000 1.14 0.95 0.00 
689 76.1 1.34 1.20 0.00 1.30 1.66 0.00 
616 76 .3 1.20 1.25 0.00 1.42 1.60 0.00 
691 78.8 1.40 1.42 0.00 1.55 1.58 0.00 
514 80 .6 1.38 1.40 0.00 1.51 1.55 0.00 
587 79.9 1.30 1.28 0.00 1.28 1.38 0.00 
656 79 .0 1.09 1.00 0 00 1.36 1.39 0.00 
604 75.8 1.55 1.45 0.00 1.62 1.65 0.00 
613 76 .8 1.56 1.43 0.00 1.38 1.21 0.00 
450 78 .2 1.33 1.46 0.00 1.36 1.40 0.00 
587 73.9 1.20 1.36 0.00 1.40 1.31 0.00 
524 75.4 1.16 1.14 0.00 1.12 1.15 0.00 
390 74.4 0.84 0.85 0.00 0.80 0.87 0.00 
467 70.0 0.54 0.62 0.00 0.50 0.56 0 .00 
470 70.1 0 .93 1.00 0.00 0.86 0.85 0.00 
270 66.4 0.91 0.94 0.00 0.87 0.90 0.00 
416 64 .7 0.52 0.60 0.00 0.54 0.60 0.00 
374 61.7 0.51 0.56 0.00 0.77 0.74 0.00 
223 59 .5 0.30 0.32 0.00 0.30 0.37 0.00 
332 58 .2 0.20 0.18 0.00 0.26 0.28 0.00 
317 49 .0 0.07 0. 11 0.00 0.10 0.08 0.00 
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Table 29. Weather Data: Maximum and Minimum Temperature, Maximum and 
Minimum Relative Humidity, Precipitation, Average Wind Speed, Total Solar Radiation, 
Average Soil Temperature; and Lysimeter Data: East and West Raingage Readings and 
Deep Drainage at the Logan Golf and Country Club, 1991 Season 
Year JD TX TN RHX RHN PPT WND RS TSA E1 E2 OPE W1 W2 DPW 
1991 93 56.2 41 .0 36.9 17.9 0.00 85.1 238.8 47.7 0.00 0.00 0.00 0.00 0.00 0.00 
1991 114 60.8 40.0 64.8 18.4 0.12 246.7 397.5 49.5 1.30 1.30 0.00 1.30 1.30 0.00 
1991 116 41.3 29.6 69.7 24.2 0.00 94.2 312.9 44.8 1.15 1.15 0.00 1.30 1.09 0.85 
1991 123 45.3 32.5 73.6 42.7 0.35 89.5 219.3 45.6 0.97 0.97 0.00 0.97 0.97 0.05 
1991 130 44.6 33.5 73.9 65.3 0.31 65.0 205.1 47.6 0.79 0.81 0.00 0.78 0.87 0.08 
1991 141 73.9 44.4 23.2 12.6 0.00 165.7 770.0 58.1 0.51 0.43 0.10 0.47 0.50 0.14 
1991 148 65.9 38.4 47.9 14.4 0.04 215.1 791 .0 56.6 0.85 0.90 0.00 0.85 0.85 0.00 
1991 156 67.9 46.8 66.7 26.1 0.12 97.4 561.0 62.4 2.44 2.45 0.61 2.50 2.47 0.76 
1991 162 83.8 56 .1 33.7 10.8 0.08 267.9 798.0 65 .9 0.68 0.51 0 00 0.57 0.61 0.04 
1991 168 76.7 47.2 45.9 12.0 0.24 107.7 811.0 65.9 0.80 0.80 0.01 0.80 0.90 0.00 
1991 172 77.9 46.2 59 .9 11.8 0.28 155.3 661 .3 65.0 1.07 0.85 0.01 0.88 0. 77 0.00 
1991 176 69.5 48 .7 42 .7 14.7 0.16 129.7 775.0 65.2 1.22 1.13 000 0.95 1.11 0.12 
1991 180 76.2 54 .1 46.6 12.4 0.16 222.6 601.7 63.8 1.27 1.44 0.03 1.14 1.26 0.57 
1991 184 87.6 56.2 21.9 9.9 0.20 206.9 788.0 67.8 1.15 1 04 0.23 0.93 0.93 0.54 
1991 189 82.0 62.8 53.9 12.1 0.28 181 .3 285.9 67.1 1.03 0.83 0.10 0.78 0.72 0.61 
1991 192 85.6 55.4 34.6 10.0 0.20 192.1 721.0 68.6 0.90 0.95 0.35 0.88 1.15 0.76 
1991 196 89.0 63.8 15.9 9.6 o.24 221.3 749.0 69.6 o.86 o. 76 o.18 o.81 o. n o.5a 
1991 199 86.1 59.7 42.6 10.1 0.31 157.5 695.8 69.8 1.26 1.41 0.05 0.89 0.91 0.34 
1991 203 86.3 57.4 47.4 10.4 0.31 178.5 730.0 69.2 0.85 0.83 0.51 0.86 0.87 0.38 
1991 206 82.2 58.0 41 .1 11 .5 0.16 218.3 535.7 67.1 0.88 0.99 0.16 0.78 0.85 0.14 
1991 210 89.3 61.5 15.8 9.3 0.28 221 .9 621.1 68.4 0.99 0.78 0.09 0.96 0.96 0.00 
1991 213 80.8 63.2 57.9 14.0 0.24 156.2 499.1 68.6 0.69 0.57 0.08 0.61 0.67 0.38 
1991 217 84.1 55.9 50.9 10.9 0.16 185.8 665.3 68.3 1.06 0.69 0.15 0.88 0.76 0.51 
1991 220 90.1 60.0 23.5 9.3 0.16 116.0 696.9 68.1 0.63 0.67 0.24 0.81 0.81 0.74 
1991 224 83.4 64.6 21 .1 11.2 0.16 166.2 534.9 67.1 0.96 0.93 0.13 0.96 0.88 0.35 
1991 227 82.8 59.3 62.3 11 .6 0.12 126.8 573.2 68.5 0.51 0.39 0.03 0.51 0.51 0.06 
1991 231 81.6 59.0 28.2 12.2 0.24 154.2 502.0 66.3 0.88 0.85 0.02 0.81 0.77 0.19 
1991 234 90.4 62.6 15.5 9.2 0.24 204.1 585.8 67.1 0. 71 0.63 0.05 0.82 0.71 0.23 
1991 239 82.7 60.8 64.8 13.5 0.31 243.7 383.4 65.3 1.40 1.32 0.18 1.41 1.24 0.49 
1991 241 83.0 54.0 29.7 10.9 0.04 242.1 521.4 64 .3 0.60 0.54 0.16 0.57 0.57 0.18 
1991 246 86.0 56.2 27.0 9.9 0.28 192.0 598.7 65.1 0.79 0.81 0.23 0.57 0.56 0.26 
1991 248 88.9 52.7 55.6 9.6 0.12 216.4 568.8 63.9 0. 71 0.63 0.03 0.57 0.63 0.13 
1991 252 70.8 52.6 66.1 16.8 0.12 189.3 439.1 60.8 1.17 1.10 0.18 1.49 1.58 0.76 
1991 254 69.0 46.3 67.0 16.8 0.04 182.8 561.1 58.7 0.53 0.53 0.41 0.44 0.45 0.21 
1991 262 79.4 51.2 24.8 11 .6 0.12 187.6 543.0 58 .3 0.45 0.41 0.01 0.53 0.47 0.14 
1991 266 68.9 39.5 20.0 13.5 0.08 188.1 481 .3 53 .6 0.65 0.73 0.00 0.54 0.63 0.01 
1991 269 79.4 50.4 17.8 11.5 0.00 235.5 507.4 55 .8 0.46 0.51 0.01 0.51 0.56 0.16 
1991 273 73.7 47.6 60.4 14.2 0.00 172.8 477.6 55.5 0.66 0.64 0.06 0.62 0.66 0.14 
1991 276 70.8 36.8 34.9 13.4 0.08 78.5 467.2 53.9 0.22 0.20 0.04 0.29 0.30 0.06 
1991 280 78.1 47.7 18.1 11 .8 0.12 266.1 342.9 50.4 3.00 0.36 0.02 0.32 0.37 0.03 
1991 284 77.7 49.1 18.5 11 .8 0.00 222.8 428.3 52.1 0.74 0.71 0.02 0.52 0.62 0.01 
1991 288 73.4 43.3 20.1 12.6 0.12 205.3 411.4 49.8 0.39 0.46 0.00 0.41 0.45 0.01 
1991 290 71.9 47 .1 52.7 13.1 0.20 95.2 289.7 49.3 0.36 0.44 0.00 0.41 0.44 0.01 
1991 294 63.6 36.5 23.6 15.0 0.28 226.0 372.1 46.2 0.84 0.95 0.55 0.74 0.80 0.32 
1991 297 45.0 27.1 40.7 19.4 0.00 193.0 272.0 42.9 1.63 1.65 1.43 1.64 1.65 1.43 
1991 301 34.6 23.2 66.8 23.5 0.04 65.7 204.4 40.4 1.22 1.32 0.35 1.34 1.37 1.17 
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Table 30. Weather Data: Maximum and Minimum Temperature, Maximum and 
Minimum Relative Humidity, Precipitation, Average Wind Speed, Total Solar Radiation, 
Average Soil Temperature; and Lysimeter Data: East and West Raingage Readings and 
Deep Drainage at the Logan Golf and Country Club, 1992 Season 
Year JD TX TN RHX RHN PPT WND RS TSA E1 E2 OPE W1 W2 DPW 
1992 72 61.2 33.8 59.5 29.0 0.00 210.3 500.8 42.2 
1992 86 56.6 40.1 69.6 45.7 0.00 194.3 316.7 43.3 
1992 99 62.3 37.8 61 .0 25.6 0 .04 112.1 538.2 48.3 
1992 106 65.7 43.1 67.1 37.6 0.08 144.2 560.6 53.2 
1992 108 59.4 40 .3 83.6 46.9 0.1 2 138.9 119.9 50.3 
1992 112 66.6 42.3 86.5 21.8 0.24 201.7 519.0 51.3 
1992 115 62.0 34.7 54.5 17.4 0.00 183.1 699 .8 50.6 
1992 119 75.4 47.4 41.9 17.0 0.08 268.5 699.0 56.9 
1992 122 59.5 42 .2 70.7 34.4 0.08 123.2 395.3 54.7 
1992 126 80.3 51 .3 35.8 15.7 0.08 215.8 731.0 59.0 
1992 129 74.5 49 .3 74.7 36.3 0.08 198.3 563.2 59.8 
1992 133 72.4 46.2 59.0 20.3 0.08 162.3 724.0 58 .9 
1992 136 
1992 140 
1992 143 
1992 147 
1992 150 
1992 154 
1992 157 
1992 162 
1992 164 
1992 169 
1992 175 
1992 178 
1992 182 
71.1 49.4 74.6 38.0 0.31 274.6 430.0 58 .7 
80.0 52.2 57.0 13.5 0.08 303.0 553.7 58.9 
68.7 47 .1 91 .2 47.7 0.04 154.1 563.8 57.2 
73.0 51.1 84.0 39.0 0.24 218.3 361 .7 59.8 
72.3 50.9 75.7 27.1 0.20 224.1 563.3 59.6 
81.2 49.6 77.5 15.4 0.16 234 .1 702 .0 62 .1 
70.8 41 .5 58.1 22.4 0.16 116.8 774.0 62.5 
82.1 56.1 40.7 18.6 0.35 269.3 691.4 62 .9 
84 .6 44.0 76.5 12.7 0.16 238.4 727.0 63.2 
71 .5 50 .5 88.1 38.8 0.08 128.6 770.0 59.5 
91 .8 58 .9 35.0 10.3 0.16 265.2 794 .0 65.2 
73.7 58.9 65.2 38.3 0.04 241.3 417.8 60.9 
65.8 49.3 87.3 39.0 0.24 116.3 417.0 59.1 
1992 188 83.4 57.4 72.3 12.3 0.12 164.1 620.0 61.4 
1992 192 82.1 53.1 41.6 14.9 0.16 227.7 747.0 61.3 
1992 196 83.0 55.1 61.4 25.0 0.08 227.9 745 .0 60.2 
1992 199 87.8 58.2 39.7 11.6 0.16 236.1 771 .0 61.9 
1992 203 78.9 53.4 84.5 18.5 0.24 165.3 733.0 61.3 
1992 210 90.8 60.8 46.2 14.2 0.00 256.4 483 .8 58.6 
1992 213 91 .5 58.4 36.6 13.5 0.00 238 .8 740.1 59.9 
1992 217 91.7 60.2 43.1 13.6 0.00 218 .2 694 .8 62.7 
1992 220 87.8 60.7 45.2 16.0 0.00 238.1 694.4 65.0 
1992 224 94.0 60.9 36.5 13.1 0.00 211 .7 705.8 62.3 
1992 227 92 .6 65.9 36.9 13.6 0.00 208.9 616.2 61.3 
1992 231 89.5 59.8 47.6 14.5 0.00 229.7 654.9 66.1 
1992 238 80.2 61 .9 63.0 29.2 0.24 203.3 408.8 65.7 
1992 241 83.0 54.0 29.7 10.9 0.04 242.1 621.4 64.3 
1992 245 . 75.4 49.3 86.7 34.1 0.00 110.7 548.6 55.4 
1992 249 69.5 46.1 88.5 29.3 0.24 181.0 490.8 51 .0 
1992 253 74.4 48 .2 59.6 15.6 0.00 116.9 585.7 51.0 
1992 260 79.4 50.0 30.3 13.4 0.08 236.5 542.7 49.2 
1992 266 81.4 51 .0 41.6 14.6 0.08 279.2 513.7 50.1 
1992 273 82.4 50.2 32.1 11.4 0.08 278.4 489.1 46.7 
1992 280 58.3 35.1 82.4 44.9 0.08 170.8 253.3 42 .2 
1992 287 70.0 42.9 50.2 16.5 0.04 130.0 333.6 42.3 
1992 294 72 .5 44 .0 28.9 15.5 0.00 291.4 377.1 40.3 
1992 301 61 .3 45.1 84.3 52.5 0.04 210 .6 192.9 41 .0 
0 .00 0.00 0.00 0.00 0.00 0.00 
0.12 0.15 0.00 0.15 0.15 0.00 
0.53 0.64 0.00 0.72 0.79 0.03 
0.~ 0.~ 0.00 0 .~ 0.~ 0.00 
0.19 0 .19 0.00 0.14 0.14 0.00 
0.18 0.19 0.00 0.20 0.20 0.00 
0.36 0.37 0.00 0.44 0.45 0.00 
0.49 0.47 0.01 0.47 0.44 0.00 
0 .29 0.35 0.01 0.28 0.25 0.01 
0.51 0.59 0.00 0.52 0.48 0.00 
0.64 0.54 0.01 0.63 0.50 0.01 
0.45 0.40 0.00 0.44 0.35 0.00 
0.41 0.37 0.01 0.45 0.41 0.01 
0.63 0.65 0.00 0.74 0.63 0.01 
0.34 0.32 0.00 0.44 0.40 0.00 
0.41 0.36 0.00 0.39 0.32 0.00 
0.30 0.26 0.00 0.35 0.26 0.00 
0 .80 0.81 0.00 0.90 0.80 0.00 
0.72 0.64 0.00 0.82 0.71 0.00 
0 .85 0.91 0.00 0.94 0.74 0.03 
0 .51 0.52 0.01 0.50 0.43 0.40 
1.20 1.16 0 .01 1.25 1.27 0.54 
0.78 0.71 0.00 0.85 0.69 0.03 
0.49 0.47 0.01 0.61 0.46 0.00 
0.63 0.59 0.01 0.61 0.50 0.00 
1.22 1.24 0.03 1.22 1.21 0.39 
0.64 0.62 0.00 0.71 0.63 0.00 
1.53 1.44 0.03 1.55 1.50 0.61 
0.40 0.42 0.01 0.44 0.38 0.03 
0 .69 0.63 0.00 0.74 0.61 0.00 
1.04 1.17 0.01 1.06 1.33 0.10 
0 .19 0.16 0.00 0.17 0.15 0.08 
0.70 0.73 0.00 0.63 0.58 0.00 
0.~ 0 .~ 0.00 0.~ 0.~ 0.00 
0.59 0.64 0.01 0.55 0.58 0.00 
o.w o .~ o.oo o .~ o.ro o.oo 
0.49 0.48 0.01 0.50 0.40 0 .00 
o .~ o .~ o.oo o.~ o.ro o.oo 
0.24 0.22 0.00 0.30 0.20 0.00 
0.65 0.68 0.00 0.59 0.53 0.00 
1.44 1.52 0.00 1.62 1.41 0.00 
0.93 0.98 0.00 0.88 0.84 0.00 
0.~ 0 .~ 0.00 0.77 0.~ 0.00 
0.89 0.96 0.00 0.85 0 .88 0.00 
0 .89 0.88 0.00 0.90 0.84 0.00 
0 .94 0.96 0.00 1.09 1.04 0.00 
0.71 0.74 0.00 0.81 0.74 0.12 
0.80 0.80 0.00 0.97 0.91 0.27 
0.75 0.79 0.00 0.87 0.75 0.33 
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Table 31. Weather Data: Maximum and Minimum Temperature, Maximum and 
Minimum Relative Humidity, Precipitation, Average Wind Speed, Total Solar Radiation, 
Average Soil Temperature; and Lysimeter Data: East and West Raingage Readings and 
Deep Drainage at the Logan Golf and Country Club, 1993 Season 
Year JD TX TN RHX RHN PPT WND RS TSA E1 E2 OPE W1 W2 DPW 
1993 104 52.1 31.1 68.0 29 .6 0.00 257.8 590.7 35.8 0.00 0.00 0.00 0.00 0.00 0.00 
1993 106 56.2 39.0 84.9 24.5 0.08 146.1 570.7 39.1 0.13 0.12 0.04 0.13 0.12 0.06 
1993 110 54 .3 32.9 57.1 24.7 0.00 218.6 625.3 39.1 0.47 0.48 0.01 0.52 0.51 0.05 
1993 113 51.6 33.6 84.7 24.6 0.00 95.3 533.5 40.4 0.12 0.12 0.00 0.12 0.13 0 .03 
1993 118 60.2 34.5 61.6 21 .1 0.04 200.1 729.0 42.6 0.47 0.48 0.00 0.47 0.47 0.00 
1993 120 51.7 37.2 96.1 46 .5 0.04 106.0 337.6 40.4 0.15 0.15 0.00 0.21 0.19 0.00 
1993 125 41 .7 35.7 86.6 83.5 0.39 77.3 102.7 39.1 1.39 1.32 1.24 1.35 1.33 1.13 
1993 127 51.2 39.9 85.1 44.1 0.04 86.3 374.4 39.4 1.19 1.16 0.72 1.19 1.21 1.19 
1993 131 80.4 53.2 39.2 11 .6 0.08 185.2 805.0 47.1 0.13 0.13 0.00 0.13 0.13 0.00 
1993 134 77.1 51.5 54.2 26.6 0.12 284.3 670.2 50.2 0.13 0.12 0.00 0.16 0.20 0.00 
1993 137 73.7 47.4 70.8 25.4 0.00 167.6 754.0 52.6 0.57 0.56 0.00 0.51 0.56 0.00 
'1993 141 71.5 55.1 53.6 13.1 0.31 215.4 674.1 53.4 0.52 0.51 0.00 0.61 0.61 0.00 
1993 145 80.9 56.8 16.3 11 .1 0.04 260 .9 766.0 53.0 0.71 0.72 0.00 0.80 0.82 0.00 
1993 148 77.5 57.5 16.1 12.0 0.31 254.1 721.0 53.5 0 .80 0.81 0.00 0.40 0.41 0.00 
1993 152 68.5 49.8 19.6 13.7 0.28 124.6 676 .5 53.8 0.78 0.78 0.00 1.01 1.06 0.00 
1993 155 66.2 41.5 24 .1 14.7 0.08 175.7 497.0 46.8 1.15 1.01 0.00 1.12 1.1 4 0.49 
1993 159 59.0 45 .0 39.1 18.6 0.04 75.2 360.7 45.0 0.93 0.69 0.12 0.95 0.96 0.52 
1993 162 74.1 48.4 28.4 13.5 0.28 200.1 736 .0 50.8 0.31 0.32 0.14 0.33 0.33 0.15 
1993 166 80 .0 48.7 41 .2 11 .9 0.12 222.0 679.8 52.2 0 .24 0.29 0.01 0.29 0.30 0.00 
1993 169 73 .7 52.3 44.0 14.6 0.08 141.9 816.0 51.3 0.49 0.73 0.00 0.59 0.58 0 00 
1993 173 69 .7 50.8 33.5 13.9 0.28 142.4 680.2 52 .6 0.69 0.55 0.00 0.80 0.61 0.00 
1993 176 77.7 47 .3 42.4 11 .9 0.00 151.7 787.0 52.0 0.42 0.36 0 00 0.30 0.34 0.00 
1993 180 71.2 50.2 46.5 13.5 0.16 131 .3 809.0 54.1 0.40 0.20 0.00 0.35 0.58 0.23 
1993 183 82 .1 47.2 47 .6 14.3 0.39 197.1 592.5 52 .0 0.67 0.30 0.00 0 .87 0.57 0.46 
1993 187 73.4 44.8 50.7 13.3 0.00 204 .1 827.0 49 .6 0.60 0.43 000 0 .66 0.57 0.56 
1993 190 81.8 49.8 42 .8 15.1 0.24 277.5 816.0 51 .2 0.58 0.56 0.00 0.56 0.63 0.00 
1993 194 76.0 46.4 37.9 12.3 0.20 209.2 740.0 50.9 0.57 0.40 0.00 0.64 0.67 0.21 
1993 197 72.1 47.9 45.8 13.3 0.08 142.3 782.0 52.0 0.70 0.70 0.00 0.80 0.88 0.29 
1993 201 84.0 55.8 42.8 15.7 0 00 245 .5 777.0 51.1 0.55 0.60 0 00 0.78 0.78 0.24 
1993 205 67.5 51.0 78.5 47.1 0.16 135.9 390.1 45.9 1.57 1.54 0.29 1.44 1.55 0.76 
1993 208 75.7 47.2 65 .6 33.4 0.04 219.9 783.0 49.1 1.08 1.10 0.82 1.00 1.10 0.82 
1993 211 88.0 59.8 52 .1 20.2 0.00 252.1 756.0 51.9 0.17 0.15 0.00 0.25 0.27 0.00 
1993 2'15 87.0 60.'1 46.5 21.2 0.00 238.6 747.0 52.6 0.67 0.52 0.00 0.60 0.56 0 .18 
1993 218 83.0 54.0 75.2 30.2 0.20 206.2 667.4 51.9 0.45 0.46 0.00 0.65 0.57 0 .28 
1993 222 83.8 61.5 63 .6 33.6 0.39 180.1 682 .0 52.8 0.72 0.89 0.00 0.90 1.00 0.24 
1993 225 81.9 51.4 58.4 26.4 0.00 216.2 711.0 51.8 0.69 0.69 0.00 0.67 0.79 0.20 
1993 229 79.9 48.4 60.3 26.6 0.00 196.7 679 9 49.1 0.39 0.44 0.00 0 .71 0.79 0.43 
1993 232 82.4 55.2 65.4 32.1 0.31 265.4 462.4 48.9 0.52 0.51 0.00 0.65 0.64 0.58 
1993 236 86.5 49.8 79.3 18.1 0.28 188.5 668.1 49 .8 0.84 0 .77 0.18 1.00 0.85 0.68 
1993 239 81.1 43.6 45.8 13.8 0.12 205.3 671 .0 47.7 0.57 0.38 0.08 0.53 0.56 0.18 
1993 243 79.3 49.2 44.4 20.4 0.00 221.7 639.3 46.0 0.52 0 .38 0.03 0.48 0.56 0.24 
1993 246 80.4 47.8 50.2 21 .9 0.20 285.2 621 .7 46.2 0.41 0.38 0.01 0.45 0.57 0.22 
1993 250 80.4 52.9 50.7 17.7 0.28 223.0 573.1 47.4 0.53 0.32 0.01 0.61 0.65 0.25 
1993 253 82.0 52.9 41 .0 15.4 0.00 235.7 602.4 47.9 0.73 0.55 0.00 0.72 0.68 0.34 
1993 257 66.8 36.3 58.1 18.5 0.04 281 .3 537.2 41.3 0.43 0.25 0.00 0.46 0.31 0.12 
1993 260 57.8 47.6 77.9 66.6 0.12 114.6 206.1 40.3 0.45 0.22 0.00 0.40 0.40 0.20 
1993 264 68.0 42.5 62.4 22.1 0.04 157.0 532.3 41.0 0.27 0.22 0.00 0 .29 0.30 0.28 
1993 267 69.0 42.9 68.6 22.1 0.08 196.1 519.6 41.3 0.45 0.33 0.00 0.46 0.45 0.00 
1993 271 78.1 46 .5 44.9 13.4 0.16 255.5 487.1 39.9 0.56 0.36 0.00 0.69 0.63 0.53 
1993 274 74.0 47.9 43 .0 17.9 0.24 155.3 452.6 39.6 0.55 0.49 0.09 0.76 0.79 0.70 
1993 278 79.4 54.0 69.2 19.0 0.24 222.9 334.9 39.9 0.43 0.37 0.28 0.50 0.44 0.35 
1993 281 50.9 37.7 813 61 .8 0.08 98.1 260.2 37.6 1.10 1.13 0.74 1.29 1.35 0.96 
1993 285 57.8 44.6 78.3 66.8 0.08 81.2 162.3 37.2 0.76 0.78 0.46 0.72 0.76 0.49 
1993 288 46.7 41 .0 817 77.2 0.79 199.8 63.7 34.7 0.82 0.78 0.69 0.91 0.94 0.81 
1993 292 55.7 33.1 76.4 45.9 0.00 145.8 375.7 33.9 0.28 0.28 0.24 0.28 0.28 0.22 
1993 295 63.7 41 .5 67.1 36.1 0.00 222.6 336.6 33.9 0.16 0.05 0.05 0.18 0.16 0.07 
1993 299 53.6 32.9 49.3 35.8 0.00 184.6 359.7 31 .7 0.30 0 .30 0.11 0.39 0.44 0.03 
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Table 32. Weather Data: Maximum and Minimum Temperature, Maximum and 
Minimum Relative Humidity, Precipitation, Average Wind Speed, Total Solar Radiation, 
Average Soil Temperature; and Lysimeter Data: East and West Raingage Readings and 
Deep Drainage at the Logan Golf and Country Club, 1994 Season 
Year JD TX TN RHX RHN PPT WND RS TSA E1 E2 OPE W1 W2 DPW 
1994 73 61 .0 31.3 55.2 16.7 0.00 201.3 517.1 0.0 0.00 0.00 0.07 0.00 0.00 0.06 
1994 81 59.7 28.0 70.0 33.6 0.00 260.4 446.2 0.0 2.16 2.03 0.91 2.1 0 2.12 1.10 
1994 86 49 .5 25.3 69.7 32.7 0.00 191.2 547.8 0.0 5.37 11 07 0.67 4.43 10.84 0.83 
1994 93 60.6 34.4 77.5 41 .0 0 .00 208.1 611 .3 0.0 0.14 0.13 0.00 0.13 0.14 0.00 
1994 94 63.3 35.5 89 .8 38.7 0.00 237.1 386.5 0.0 0.16 0.16 0.00 0.16 0.16 0.00 
1994 96 45.8 30.7 90.4 43 .2 0.00 101.5 335.6 0.0 0.03 0.03 0.00 0.03 0.03 0.00 
1994 98 51.8 36.5 74.8 47 .8 0.00 166.7 347.9 0.0 0.75 1.00 0.00 0.76 1.48 0 .03 
1994 101 49.2 37.8 95.5 56.9 0.00 92.4 278 .6 00 0.88 0.90 0.47 0.89 0.86 0.59 
1994 104 60.4 35.4 78 .8 39.3 0.00 245.2 646.2 0.0 0.10 0.12 0.00 0.09 0.11 0.02 
1994 108 72.5 40 .6 55.3 23.2 0.00 247.7 697.3 0.0 0.05 0.06 0.00 0.03 0.03 0.00 
1994 113 78.8 51.3 49.7 24 .5 0.08 258 .8 702.0 0.0 0.37 0.18 0.00 0.42 0.25 0.06 
1994 117 55.0 37.7 84.4 35.7 0.16 208 .3 639.2 0.0 0.59 0.47 0.00 0.49 0.39 0.00 
1994 119 48 .2 33.8 64.6 46.5 0.00 230.0 504.4 0.0 0.05 0.05 0.00 0.05 0.05 0.00 
1994 122 58.4 34.5 59.7 37.0 0.08 253.0 569.7 0.0 0.45 0.35 0.00 0 .37 0.26 0.00 
1994 124 60.4 36.5 83 .3 42 .4 0.08 204.6 629.6 0.0 0.17 0.17 0 00 0.15 0.18 0.00 
1994 126 60.4 36.5 83.3 42.4 0.08 204.6 629 .6 0.0 0.10 0.1 1 0.00 0.10 0.11 0.00 
1994 131 73.3 48.2 91.4 37.0 0.00 142.9 592.8 0.0 0.25 0.21 0.00 0.25 0 21 0 .00 
1994 133 77.5 53.0 55.2 28.9 0.04 198.1 701.0 0.0 0 .51 0.37 0.00 0.52 0.39 0.00 
1994 138 78 .9 49.8 46.3 18.2 0.00 295.9 530.3 0.0 1.18 0.83 0.00 0.94 0.96 0.00 
1994 140 58.6 44.8 87.5 43 .5 0.08 164.5 548.5 0.0 0.25 0.20 0.00 0.23 0.29 0.00 
1994 146 79.6 47.5 46.0 13.4 0.00 254.5 807 .0 0.0 0.90 0.54 0.00 0.79 0.88 0.00 
1994 149 80.3 48.0 48 .5 14.0 0.00 202.7 805 .0 0.0 0.78 0.56 0.00 0.66 0.60 0 .00 
1994 152 74.5 46.6 58.2 22.2 0 .00 158.7 726.0 0.0 0.41 0.21 0.00 0.33 0.43 0.00 
1994 154 82 .7 52 .1 20.2 17.4 0.00 175.2 807.0 0.0 0.30 0.18 0.00 0.31 0.27 0.00 
1994 157 77 .1 48 .7 20.5 16.3 0.00 187.8 798.0 0.0 0.40 0.21 0.00 0.36 0.37 0.06 
1994 159 80 .3 54.0 42 .6 14.3 0.04 110.2 804 .0 0.0 0.40 0.32 0.00 0.42 0.45 0.03 
1994 164 74.4 44.3 52 .8 19.3 0.00 188.7 815 .0 0.0 1.17 0.85 0.00 0.97 0.98 0.18 
1994 166 86.9 52.3 45 .9 15.2 0.04 173.8 783 .0 0.0 0.55 0.57 0.00 0.54 0.58 0 .17 
1994 168 86.6 58.0 48.5 16.4 0.00 149.6 679.1 0.0 0.33 0.25 0.00 0.31 0.31 0.16 
1994 171 72 .8 48.4 54 .9 16.7 0.04 197.0 810.0 0.0 0.43 0.36 0.00 0.35 0.30 0.09 
1994 173 85.5 54.3 40.4 12.5 0.00 164.5 840.0 0.0 0.47 0.50 0.00 0.54 0.56 0.09 
1994 174 88.9 59.6 40.9 11 .7 0.00 202.9 823.0 0.0 0.42 0.31 0.00 0.42 0.48 0.12 
1994 179 88.5 56.6 39.9 11 .6 0.35 210.7 672.7 0.0 1.04 0.97 0.00 1.16 1.04 0 .20 
1994 180 92.7 58.1 38.7 10.5 0.00 214.5 812 .0 0.0 0.47 0 .30 0.00 0.46 0.40 0.17 
1994 181 82.2 50.4 41 .5 14.1 0.04 200.1 803.0 0.0 0.47 0 .31 0.00 0.65 0.54 0.10 
1994 185 89.5 57.6 53.5 10.6 0.39 162.5 799.0 0.0 0.57 0.45 0.00 0.58 0.50 0.28 
1994 187 85.0 57.9 64.0 12.5 0.16 77 .5 747.0 0.0 0.41 0.21 0.00 0.37 0.32 0.28 
1994 189 75.7 52.6 41.7 18.0 0.31 181 .7 454.2 0.0 0.69 0.62 0.00 0.69 0.69 0.47 
1994 192 78.6 44 .8 68 .0 27.7 0.08 156.6 775.0 0.0 1.46 0.97 0.00 0.75 0.59 0.28 
1994 194 91.6 57.5 38.6 10.9 000 185.9 764.0 0.0 0.35 0.20 0.00 0.38 0.32 0.12 
1994 196 87 .8 58.8 39.2 11.5 0.28 161.9 777.0 0.0 0.49 0.37 0.00 0.74 0.66 0.48 
1994 199 86.3 59.7 36.7 12.1 0.31 180.0 773.0 0.0 0.48 0 .24 0.00 0.54 0.43 0.31 
1994 201 91.6 62 .7 38.9 11.9 0.24 160.9 722.0 0.0 0.75 1.05 0.08 0.80 0.86 0.06 
1994 204 84.7 57.7 64.8 14.4 0.16 141.6 760.0 0.0 0.37 0 .24 0.14 0.36 0.26 0.20 
1994 206 92.1 65.3 25.5 10.5 0.00 184.6 765.0 0.0 0.86 0.65 0.24 0.92 0 .69 0.63 
1994 208 90.9 66 .2 58.6 19.5 0.04 152.8 650.1 0.0 0.73 0.71 0.29 0.80 0.87 0.66 
1994 210 92.9 63.2 46.2 17.3 0.00 126.9 599.8 0.0 0.51 0.40 0.17 0.59 0.45 0.25 
1994 213 92 .8 62 .6 54.3 13.6 0.16 142.2 569.7 0.0 0.35 0 .28 0.16 0.40 0.28 0.32 
1994 215 93 .7 68.4 70.8 16.8 0.08 145.3 594.1 0.0 0.51 0.45 0.09 0.70 0.72 0.25 
1994 217 88.7 63.4 73.9 19.9 0.24 194.3 653.3 0.0 0.13 0 .07 0.00 0.14 0.09 0.04 
1994 220 93.1 65.6 43 .6 13.3 0.31 181.6 705.0 0.0 0.84 0 .66 0.00 0.97 0.78 0.30 
1994 222 96 .0 69.9 35.7 9.7 0.08 214.9 671 .8 0.0 0.39 0.35 0.01 0.41 0.38 0.26 
1994 224 93.2 61 .0 25.9 10.3 0.04 185.4 687.2 0.0 0 .95 1.00 0.07 0.65 0.72 0.33 
1994 227 84.8 60.3 90.8 31.7 0.35 187.1 646.7 0.0 0.40 0.28 0.18 0.42 0 .37 0.22 
1994 229 86.3 62 .8 59.5 30.2 0.08 243.6 597.2 0.0 0.47 0.42 0.00 0.60 0.60 0.15 
1994 231 86.3 62.8 59.5 30.2 0.08 243.6 597.2 0.0 0.45 0.42 0.00 0.65 0.57 0.44 
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Table 32. Continued 
1994 234 91 .5 61 .9 63.4 15.9 0.28 354.4 652.8 0.0 1.12 0.90 0.00 1.30 1.21 0.73 
1994 236 89.8 60.4 44.7 18.0 0.00 374.0 596.2 0.0 0.29 0.22 0.02 0.36 0.32 0.11 
1994 238 83 .5 57.7 83 .9 12.3 0.35 318.5 640.4 0.0 0.39 0.23 0.02 0.50 0.38 0.28 
1994 241 87.9 59.6 42 .7 11 .2 0.24 315.9 639.4 0.0 0.42 0.21 0.01 0.41 0.25 0.17 
1994 243 76 .9 57.6 46.7 14.8 0.16 299.8 190.7 0.0 0 .65 0.52 0.01 0.65 0.56 0.30 
1994 245 84.1 58.4 43.3 15.9 0.16 244.7 615.6 0.0 0.39 0.52 0.05 0.48 0.31 0.20 
1994 249 84.8 59.3 40.7 16.8 0.12 470.9 483.6 0.0 0.65 0.55 0.07 0.52 0.67 0.51 
1994 251 77.3 49 .2 33.3 17.0 0.08 270.7 602 .0 0.0 0.25 0.25 0.03 0.35 0.30 0.17 
1994 255 87.2 60.6 53.1 14.1 0.24 456 .4 561 .1 0.0 0.86 0.74 0.02 1.13 1.10 0.51 
1994 258 80.6 50.8 62 .5 16.2 0.08 275.9 572.1 0.0 1.19 1.12 0.20 1.73 1.73 0.73 
1994 262 69.2 42 .3 82 .7 32.1 0.04 22.4 552.2 0.0 0.54 0.40 0.31 0.50 0.47 0.45 
1994 265 82.5 51 .3 34.2 12.9 0 .00 386.8 537.1 0.0 0.64 0.58 0.00 0.67 0.66 0.31 
1994 269 75 .9 45 .7 44.1 12.9 0.12 319.8 536.9 0.0 0.65 0 .50 0.03 0.64 0.61 0.24 
1994 272 82.9 58.2 18.7 12.1 0.08 342.4 519.3 0.0 1.05 0.95 0.01 0.97 1.03 0.07 
1994 276 70.5 52.0 97.4 16.3 0.28 164.3 240.4 0.0 0.52 0.49 0.23 0.53 0.51 0.40 
1994 279 61.7 49.0 77.5 38.8 0.00 226 .9 201.7 0.0 1. 11 1.06 0.31 1.09 0.96 0.64 
1994 283 53.3 43.9 99 .6 78.7 0.12 102.3 107.1 0.0 0.08 0.08 0.07 0.07 0.07 0.01 
1994 286 68.0 40.7 96.3 29.8 0.00 449 .3 454.4 0.0 0.05 0.05 0.03 0 .05 0.05 0 .02 
1994 290 69.8 53.6 92.4 24.1 0.12 330.3 362.8 0.0 2.04 2.26 1.04 2.11 2.16 0.98 
1994 301 65.5 38.6 59.4 20 .7 0.00 368.7 373.5 0.0 0.29 0.36 000 0.37 0.41 0.02 
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Table 33. Weather Data: Maximum and Minimum Temperature, Maximum and 
Minimum Relative Humidity, Precipitation, Average Wind Speed, Total Solar Radiation, 
Average Soil Temperature; and Lysimeter Data: East and West Raingage Readings and 
Deep Drainage at the Logan Golf and Country Club, 1995 Season 
Year JD TX TN RHX RHN PPT WND RS TSA E1 E2 OPE W1 W2 DPW 
1995 64 40.6 28.3 97.5 29.6 0.00 246.0 97.5 0.0 2.21 2.31 0.14 1.24 1.38 0.60 
1995 66 45.4 17.5 71 .1 21 .8 0.00 470.4 499.6 0.0 0.48 0.72 0 .1 4 0.39 0.37 0.00 
1995 72 50.4 35.5 96.5 60.2 0.00 325.2 209.2 0.0 1.77 1.57 0.96 1.70 1.68 0.90 
1995 74 60.9 34.7 91.9 39.0 0.00 324.7 359.1 0.0 0.03 0.04 0.00 0.04 0.04 0.00 
1995 77 61 .1 39.6 77.0 40.6 0.00 336.6 208.0 0.0 0.19 0.1 8 0.07 0.18 0.19 0.06 
1995 82 52.8 29.2 99.7 24 .9 0.47 422.2 235.2 0.0 4 .73 5.52 0.07 4 .56 4.27 0.40 
1995 89 48.7 22.8 62.6 39.9 0.00 311.8 629.8 0.0 9.27 9.45 1.29 9.45 9.18 0.20 
1995 94 63 .8 37.3 66.5 32.3 0.00 419.8 601.9 0.0 0.03 0.03 0.00 0.03 0.02 0.00 
1995 101 49.7 29.3 63.7 43.0 0.00 235.4 461.7 0.0 0 .53 0.52 0.01 0 .54 0.54 0.02 
1995 103 68.8 46.1 48.8 18.7 0.00 532.7 619.0 0.0 0.32 0.31 0.00 0.03 0.03 0.00 
1995 107 54.8 35.8 96.4 32.6 0.39 162.1 487 .1 0.0 4.48 6 .54 0.00 0.33 0.42 0.00 
1995 111 54.0 31.4 85.3 53.6 0.00 256.0 489.0 0.0 0.59 0.56 0.00 0.56 0.58 0.00 
1995 115 55.8 40.8 72.5 41 .2 0.00 247.5 237.6 0.0 0.05 0.05 0.00 0.05 0.06 0.00 
1995 118 55.1 40.9 97.6 46.4 0.12 150.0 405 .8 0.0 0 .19 0.14 0.00 0.17 0.17 0 00 
1995 123 55.8 41.2 96.3 54.0 0.04 128.9 433.5 0.0 1.50 1.40 0.14 1.47 1.41 0.22 
1995 129 65.5 39.4 81.4 32.6 0.00 262.4 743.0 0.0 0.15 0.15 0.00 0.15 0.14 0.13 
1995 132 45.3 36.2 97.4 70 .7 0.00 135.2 154.5 0.0 0.73 0 .74 0.14 0.80 0.78 0 .01 
1995 136 68.2 42 .0 65.0 28.0 0.00 307.9 703 .0 0.0 0.26 0.24 0 00 0.26 0.24 0.18 
1995 139 67.1 44.4 78 .1 40.4 0.04 317.0 644.8 0.0 0.15 0.14 0.00 0.15 0.1 5 0.10 
1995 143 56.0 43.8 92.7 51.6 0.04 339.4 362.6 0.0 0.71 0.83 0.00 0.93 0.88 0.07 
1995 145 57.1 43.8 97.5 57.1 0.55 254 .8 382.6 0.0 0.18 0.17 0.00 0.20 0.21 0.00 
1995 146 56.9 41 .3 97.1 64.7 0.63 235.3 331.2 0.0 0.97 1.10 0.18 1.06 1.10 0.40 
1995 149 68.4 43 .8 77.6 38.4 0.00 316.4 820.0 0.0 0 .14 0 .16 0 00 0.16 0.17 0.10 
1995 153 66 .7 50.4 91 .1 58 .7 0.00 284 .2 418.8 0.0 0.25 0.33 0.24 0.39 0.38 0.17 
1995 157 50.9 32.8 100.2 47 .0 0.20 137.2 613.5 0.0 0.95 0.84 0.34 0.90 0.89 0.00 
1995 159 56.2 44 .0 98 .8 58 .9 0.47 129.2 371 .5 0.0 1.05 1.04 0.24 1.07 1.05 0.41 
1995 160 55.8 41 .7 94 .0 67 .7 0.47 184.6 297 .0 0.0 0.44 0.45 0.00 0.45 0.43 0.26 
1995 161 68 .2 40.1 93 .2 39.0 0.00 260 .3 809.0 0.0 0.1 5 0 .14 0.00 0.14 0.14 0.00 
1995 164 87.0 58.5 59 .0 19.7 0.00 404.0 833.0 0.0 0.02 0 .02 0.02 0.02 0.02 0.00 
1995 167 73.8 50.2 71 .9 14.7 0.00 385.8 478.8 0.0 0.36 0.31 0.00 0.35 0.50 0.22 
1995 171 72 .2 47.5 74.2 36.6 0.00 167.2 833.0 0.0 0.63 0.50 0.00 0.61 0 .59 0.12 
1995 174 74 .7 47.5 70.8 34.1 0.20 304.4 817.0 0.0 0.35 0.34 0.00 0.41 0.43 0.00 
1995 H8 77.2 53.4 69.9 35.7 0.24 346.2 570.8 0.0 0.72 0.44 0.00 0.85 0.70 0.00 
1995 180 75.7 49.2 61 .3 17.7 0.31 280 .3 831 .0 0.0 0.70 0.81 0.00 1.00 1.12 0.00 
1995 185 72.9 48.0 73.5 38.2 0.00 213.3 778 .0 0.0 0.77 0 .76 0.00 0.85 0.95 0.01 
1995 188 90.3 61 .2 63 .2 15.2 0.12 410.6 812.0 0 .0 0.44 0.47 0.00 0.74 0.69 0.00 
1995 193 82.4 59.9 83.2 27.8 0.31 414.4 452.7 0.0 1.39 1.13 0.00 1.62 1.66 0.79 
1995 194 78.1 52.2 89.2 33.2 0.24 127.0 768 .0 0.0 0.18 0 .17 0.00 0.19 0.18 0.10 
1995 198 87.4 56.3 54.1 13.9 0.20 296 .7 754 .0 0.0 0.95 0 .81 0.00 0.96 1.08 0.48 
1995 201 84.4 56.2 62.0 20.3 0.08 287.5 692.7 0.0 0.86 0.65 0.00 0.96 1.09 0.39 
1995 206 88 .5 55.3 66.3 11 .6 0.24 409.7 771.0 0 .0 0.68 0.44 0.00 0.86 0.88 0.79 
1995 213 86.7 50.3 34.2 11.2 0.00 432.9 760.0 0.0 1.40 1.22 0.00 1.69 1.73 0.79 
1995 216 87.6 60.2 58.3 19.2 0.31 432.8 623.7 0.0 0.63 0.60 0.13 0.69 0.57 0.07 
1995 220 74.7 49.1 91.2 16.9 0.24 167.0 733.0 0 .0 1.06 0 .93 0.05 1.13 1.05 0.79 
1995 222 90.9 60.7 40.7 17.8 0.28 453.6 441 .7 0.0 0.35 0.31 0.03 0.53 0.34 0.21 
1995 226 85.0 54.9 40.2 12.9 0.24 273.5 700.0 0.0 0.71 0.59 0.00 0.96 0.66 0.32 
1995 229 82.9 56.0 80.7 18.4 0.20 184.1 652.4 0.0 0.97 0.58 0.06 1.22 0.81 0.61 
1995 234 87.7 62.2 84.4 33.4 0.20 186.8 644.4 0.0 0.67 0 .54 0.01 0.85 0.78 0.55 
1995 237 86.2 60.3 60.4 12.3 0.00 420.4 659.9 0.0 0.55 0.44 0.00 0 .62 0.52 0.07 
1995 241 85.5 58.0 35.7 11.2 0.00 443.1 640.7 0.0 0.65 0.62 0.00 0.93 0.81 0.33 
1995 243 90.1 55.5 33.4 11.2 0.00 368.0 633.4 0.0 0.35 0.31 0.00 0.45 0.37 0.23 
1995 248 81.4 47.0 81 .7 38.8 0.24 309.7 580.9 0.0 0.93 0.66 0.00 0.82 0.91 0.26 
1995 251 76.6 54.2 72.3 20.0 0.00 215.1 573.0 0.0 0.74 0 .62 0.00 0.80 0.81 0.33 
1995 254 75.6 46.5 63.0 24.5 0.12 311 .5 574.0 0.0 0.30 0 .22 0.00 0.34 0.36 0.33 
1995 261 74.1 51.0 89.3 38.3 0.00 191.4 438.6 0.0 1.16 1 05 0.00 1.18 1.19 0.23 
1995 268 70.5 40.9 41 .0 14.4 0.12 401 .5 401 .8 0.0 0.65 0.54 0.00 0.75 0.68 0.31 
1995 272 57.0 23.9 95.4 36.3 0.51 94.8 52.2 0.0 0.64 0.69 0.00 0.67 0.74 0.03 
1995 275 62.1 34.2 60.1 25.5 0.00 205.1 453.4 0.0 0.83 0.62 0.00 0.68 0.70 0.65 
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Table 34. Weather Data: Maximum and Minimum Temperature, Maximum and 
Minimum Relative Humidity, Precipitation, Average Wind Speed, Total Solar Radiation, 
Average Soil Temperature; and Lysimeter Data: East and West Raingage Readings and 
Deep Drainage at the Logan Golf and Country Club, 2000 Season 
Year JD TX TN RHX RHN PPT WND RS TSA 
2000 97 59.3 38.3 47.0 25.0 0.00 146.0 145.0 47.4 
2000 108 67.3 44.3 45.0 18.0 0.00 242.0 343.0 50.6 
2000 112 70.9 44.3 47.0 18.0 0.00 193.0 469.0 53 .1 
2000 115 53.9 36.9 56.0 30.0 0.00 117.0 542.0 52 .1 
2000 119 
2000 122 
2000 125 
2000 129 
2000 133 
2000 139 
2000 143 
2000 146 
2000 150 
2000 153 
2000 157 
2000 161 
2000 164 
2000 167 
2000 171 
2000 174 
2000 178 
76.4 43.8 46.0 18.0 0.00 240.0 497.0 56.5 
73.0 42.6 38.0 17.0 0.00 221.0 655.0 56.5 
78.4 49.7 40.0 15.0 0.00 202.0 571 .0 59.2 
57 .0 41 .8 54 .0 44.0 0.00 157.0 321 .0 53.6 
52 .6 31.0 56.0 27.0 0.00 122.0 563.0 50.8 
67.9 48.3 54.0 37.0 0.00 120.0 513.0 57.0 
82.6 53.1 83.0 11.0 0.00 193.0 775.0 71.0 
74.8 0.0 99.0 0.0 0.00 38.0 54.0 65.2 
82.9 48.1 83.0 11 .0 0.00 193.0 775.0 71.0 
72.9 37.6 71.0 17.0 0 00 200.0 748.0 62.9 
90.9 57.3 54 .0 11.0 0.00 206.0 689.0 70.8 
64.3 42.4 87.0 42.0 0.00 159.0 411 .0 61 .8 
76.0 51 .5 98.0 23.0 0.00 160.0 347.0 62.6 
78.0 43.5 70.0 10.0 0.00 128.0 735.0 68.0 
73.5 44.4 83 .0 17.0 0.00 135.0 562.0 65.6 
87.4 53 .3 53.0 11 .0 0.00 264.0 728.0 65.5 
83. 0 57 .7 61 .0 19.0 0.00 221 .0 833.0 73.6 
2000 181 87.3 54 .6 64.0 130 0.00 225.0 718.0 71 .5 
2000 185 85.2 53.5 56 .0 10.0 0.00 265.0 612.0 70.3 
2000 188 83.7 49.8 53 .0 12.0 0.00 151 .0 717.0 67.1 
2000 192 79.2 59.7 72.0 25.0 0.00 218.0 345.0 66.3 
2000 195 93.1 60.6 45.0 8.0 0.00 288.0 687.0 74.0 
2000 199 89.1 55 .5 81.0 16.0 0.00 113.0 644.0 75.4 
2000 202 90.3 62.0 48.0 10.0 0.00 156.0 686.0 71 .6 
2000 206 92.8 60.1 43.0 9.0 0.00 197.0 683.0 71 .2 
2000 209 93.1 67.0 51 .0 11 .0 0.00 200.0 663.0 75.9 
2000 213 99.0 66.4 67.0 12.0 0.00 203.0 601 .0 770 
2000 216 93.8 68.7 64.0 16.0 0.00 138.0 571 .0 74.7 
2000 220 90.6 62.1 55.0 14.0 0.00 213.0 617.0 71 .1 
2000 223 91.4 73.6 39.0 15.0 0.00 240.0 595.0 74.7 
2000 230 92.0 61 .2 41 .0 15.0 0.00 240.0 594.0 73.6 
2000 234 84.6 52.8 46.0 12.0 0.00 178.0 592.0 67.8 
2000 238 85.5 59.3 74.0 26.0 0.00 248.0 376.0 68.9 
2000 245 71 .0 51.3 90.0 31.0 0.00 271.0 296.0 61 .0 
2000 248 82.3 50.6 59 .0 13.0 0.00 253.0 553.0 66.5 
2000 255 76.3 51.3 67.0 32.0 0.00 160.0 432.0 62.1 
2000 262 76.2 51.3 81 .0 31 .0 0.00 142.0 354.0 63.4 
2000 269 62.8 38.0 770 30.0 0.00 183.0 456.0 53.9 
2000 276 72.1 49.1 71 .0 28.0 0.00 144.0 381 .0 59.4 
2000 283 73.2 43.9 49.0 19.0 0.00 264.0 371.0 52.7 
2000 286 52.0 33.1 97.0 49.0 0.00 188.0 159.0 45.2 
2000 289 59.0 37.8 82 .0 33.0 0.00 221.0 357.0 47.9 
2000 297 57.3 44.4 69.0 47.0 0.00 193.0 304.0 48.2 
2000 304 49.3 39.9 101.0 61 .0 0.00 76.0 122.0 47.3 
2000 311 38.3 21.4 94.0 45.0 0.00 151.0 205.0 38.2 
E1 E2 OPE W1 W2 DPW 
0.00 0.00 0.00 0.00 0.00 0.00 
0.90 0.92 0 00 0.91 0.89 0.00 
0.27 0.26 0.00 0.25 0.27 0.00 
0.35 0.36 0.00 0.36 0.36 0.00 
0.38 0.38 0.00 0.43 0.45 0.00 
0.36 0.36 0.00 0.55 0.37 0.00 
0.49 0.32 0.00 0.40 0.64 0.00 
1.14 1.02 0.00 1.13 1.15 0.60 
0.68 0.68 0.26 0.72 0.69 0.65 
O.W O.W O.ro O.W 0 .~ 0.00 
0.47 0.41 0.00 0.58 0.60 0.04 
0.37 0.42 0.00 0.40 0.42 0.08 
0.65 0.65 0.00 0.67 0. 71 0.18 
0.67 0.71 0.00 0.72 0.81 0."12 
0.52 0.44 0.00 0.62 0.39 0.30 
1.95 1.94 0.36 0.83 0.57 0. 18 
0.74 0.48 0.23 0.80 0.35 0.52 
0.42 0.35 0.12 0.21 0.15 0.10 
0.58 0.53 0.07 0.38 0.38 0.04 
1.03 1.14 0.01 0.31 0.32 0.00 
0.77 0.58 0.03 0.33 0.21 0.00 
0.70 0.61 0.03 0.82 0.59 0.00 
1.04 1.18 0.04 1.30 0.89 0.39 
0.93 0.90 0.07 0.97 0.73 0.00 
0.51 0.50 0.00 0.45 0.77 0.14 
0.56 0.47 0.00 0.57 0.36 0.23 
0.98 0.77 0.00 0.83 0.58 0.10 
0.91 0.80 0.00 0.97 0.85 0.25 
0. 78 0.59 0.00 0.63 0.50 0.22 
0.62 0.41 0.00 0.41 0.30 0.03 
0.81 0.62 0.00 0.70 0.52 0.06 
0.87 0.63 0.00 0.69 0.45 0.01 
0.87 0.91 0.00 0.80 0.69 0.00 
O.W 0.~ 0.00 0.~ 0 .~ 0.00 
0.81 0.82 0.00 0.92 0.77 0.00 
0.55 0.54 0.00 0.56 0.49 0.00 
1.41 1.38 0.00 1.51 1.06 0.00 
1.92 1.85 0.00 1.95 1.88 0.55 
0 .~ 0 .~ 0.00 O.ll 0.~ 0.00 
0.99 0.91 0.00 1.00 0.72 0.04 
0.79 0.80 0.00 1.16 0.57 0.53 
0.92 0.91 0.00 1.03 0.92 0.62 
o.ro o.w o.oo o.~ o .~ o .~ 
0.92 0.84 0.00 1.14 0.94 0.47 
1.39 1.39 0.00 1.29 1.30 0.83 
0 .~ 1.00 0.~ 1.00 0 .~ 0.00 
o.n o .~ o.oo o .~ o .~ o.oo 
0.62 0.61 0.00 0.61 0.61 0.00 
0.37 0.35 0.05 0.35 0.34 0.21 
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Table 35. Weather Data: Maximum and Minimum Temperature, Maximum and 
Minimum Relative Humidity, Precipitation, Average Wind Speed, Total Solar Radiation, 
Average Soil Temperature; and Lysimeter Data: East and West Raingage Readings and 
Deep Drainage at the Logan Golf and Country Club, 2001 Season 
Year JD TX TN RHX RHN PPT WND RS TSA E1 E2 OPE W1 W2 DPW 
2001 74 45.3 27.5 69.0 25.0 0.00 206.0 567.0 38.4 0.00 0.00 0.00 0.00 0.00 0.00 
2001 78 59.9 36.6 92.0 36.0 0.00 194.0 523.0 44 .3 0.06 0.07 0.05 0.06 0.05 0.05 
2001 81 61 .7 36.3 91 .0 37.0 0.00 271. 0 610.0 46.3 0.59 0.60 0.18 0.61 0.61 0.1 3 
2001 85 56.5 34.5 87.0 27.0 0.61 180.0 581.0 46.6 0.02 0.02 0.00 0 .02 0.02 0.00 
2001 92 55.8 34.4 85.0 38.0 0.00 190.0 177.0 46.7 0.13 0.12 0.00 0.12 0.12 0.03 
2001 95 52.6 36.9 97.0 58 .0 0.00 11 0.0 379.0 45.5 0.27 0.27 0.00 0 .28 0.27 0.00 
2001 99 43.5 22 .0 88 .0 31.0 0.00 173.0 787.0 37.7 0.37 0.37 0.00 0.37 0.37 0 .00 
2001 103 49.8 28.3 97.0 33.0 0.00 151.0 619.0 42.5 0.49 0 .90 0.00 0.49 0.49 0.00 
2001 106 66.4 39.3 66.0 23.0 0.00 225.0 662.0 50.2 0.13 0.13 0.04 0.15 0.14 0.18 
2001 109 65.4 47.7 68.0 12.0 0.00 136.0 550.0 54.8 0 .05 0.05 0.00 0.08 0.09 0.00 
2001 1'13 56.3 34.0 76.0 42 .0 0.00 155.0 362.0 47.0 0.51 0.51 0.00 0.51 0.51 0 .02 
2001 117 77.6 51 .1 57 .0 15.0 0.00 293.0 828.0 60 .3 0.07 0.05 0.00 0 .04 0.03 0.00 
2001 120 72 .9 42.6 67.0 18.0 0.00 205.0 789.0 58.9 0.12 0.12 0.00 0.13 0 .13 0.00 
2001 127 69.6 36.0 51 .0 14.0 0.00 230.0 885.0 54.2 0.92 0.92 0.00 1.03 1.03 0.00 
2001 134 76.2 49 .1 82.0 16.0 0.02 227.0 903.0 62.9 0.80 0.79 0.00 1.00 0.90 0.00 
2001 141 66 .5 38.6 58.0 19.0 0.00 161 .0 942 .0 60.8 1.59 1.59 0.00 1.80 1.78 0.20 
2001 144 87.4 53.3 63.0 11 .0 0.00 266.0 948 .0 67.1 0.42 0.35 0.00 0.52 0.49 0.04 
2001 148 77 .8 53.7 64 .0 24.0 0.00 171 .0 485.0 63 .8 0.79 0.64 0.00 0.86 0 .71 0.38 
2001 151 78.4 44.6 61 .0 24 .0 0.00 202.0 952.0 62 .6 1.00 0.95 0.00 1.15 1.02 0.54 
2001 155 57.4 35.4 79 .0 24.0 0.00 140.0 673.0 57 .6 0.70 0.70 0.00 0.90 0.83 0.23 
2001 158 82.4 47 .7 60 .0 13.0 0.00 236.0 968.0 63.4 0.41 0.43 0.03 0.61 0.43 0.38 
2001 162 79.4 48 .8 75 .0 15.0 0.00 174.0 908 .0 65 .6 1.08 0.98 0.00 1.26 0.86 0.60 
2001 165 67.3 37.0 99.0 27.0 0.00 124.0 823.0 57.4 1.62 1.60 0.61 1.78 1.72 0.89 
2001 169 75 .9 53.4 55 .0 12.0 000 120.0 973.0 64.1 0.51 0.47 0.00 0.55 0.41 0.00 
2001 176 86.6 58.2 70 .0 61 .0 0.08 168.0 918.0 15.6 2.14 1.41 0.69 1.45 0 .77 0.91 
2001 179 87.3 56.8 68 .0 12.0 0.00 184.0 751 .0 69.3 1.18 0.93 0.44 1.28 0.65 0.75 
2001 183 97.5 62.4 720 11 .0 0.00 223 .0 691.0 69.9 1.48 1.10 0.51 1.16 0.56 0.74 
2001 186 92 .9 66 .0 87 .0 19.0 0.00 190.0 659.0 74 .6 0.87 0 .68 0.74 0.75 0.47 0.63 
2001 190 84 .3 62 .1 94.0 34.0 0.00 217.0 565.0 72.0 1.38 1.13 0.53 1.24 0.95 0.56 
2001 193 88.9 60.4 71 .0 17.0 0.00 181.0 711 .0 72.8 1.37 1.00 0.56 1.35 0.93 0.82 
2001 197 84 .9 58.8 55.0 9.0 0.00 303.0 727.0 68.2 1.08 0 .86 0.13 1.25 0.99 0.34 
2001 200 85.9 55.6 48 .0 11 .0 0.00 263 .0 719.0 70.1 0. 70 0.49 0.15 0.52 0.42 0.39 
2001 204 87 .2 57.8 52 .0 7.0 0.00 177.0 728.0 70.6 1.06 0.82 0.17 1.37 0.79 0 .70 
2001 207 87 .3 64.5 54 .0 19.0 0.00 236.0 614.0 68 .7 1.19 0 .92 0.08 1.12 0.73 0.17 
2001 211 88 .7 57.9 61.0 13.0 0.00 231.0 670.0 67.7 1.09 0.82 0.1 0 1.00 0.60 0.19 
2001 214 92 .9 62 .0 46 .0 13.0 0.00 307.0 660.0 70.5 0 .57 0. 36 0.11 0.61 0.25 0.30 
2001 218 98 .9 61.5 46.0 8.0 0.00 219.0 592.0 69.4 1.25 1.08 0.06 1.26 0.88 0.17 
2001 221 87.4 68.2 60.0 21 .0 0.00 188.0 599.0 71.9 0.97 0.72 0.27 0.75 0.37 0.56 
2001 225 85 .5 66.1 75.0 25.0 0.00 198.0 302.0 68.3 1.15 0 .98 0.38 0.89 0.60 0.59 
2001 228 91 .1 58.3 63 .0 13.0 0.00 211 .0 605.0 67.6 0.96 0 .84 0.31 0.89 0.71 0.39 
2001 233 71.7 59.8 720 35.0 0.00 208.0 201 .0 64 .0 1.05 1.30 0.51 0.78 1.34 0.93 
2001 235 85.7 57.3 54 .0 11.0 0.01 306.0 607.0 66.1 0 .39 0.26 0.14 0.27 0.25 0.09 
2001 239 93 .3 62 .1 50 .0 10.0 0.03 240.0 554.0 67.1 1.42 0.67 0.61 0.87 0.44 0.87 
2001 242 83 .1 61.4 48 .0 21 .0 0.00 280.0 271.0 62.2 1.44 1.32 0.57 1.74 1.25 1.36 
2001 246 90.5 61.1 47.0 13.0 0.00 296.0 571 .0 65.8 1.31 0 .75 0.90 1.20 0 .68 1.25 
2001 248 84 .2 61.5 74.0 21.0 0.00 220.0 378.0 65.0 0.70 0 .57 0.18 0.76 0.52 0.30 
2001 250 67.5 41 .1 94.0 270 0.00 138.0 405.0 59.4 0.50 0.45 0.30 0.58 0.52 0.40 
2001 253 81.4 46.4 51 .0 10.0 0.00 309.0 553.0 58 .9 0.43 0.43 0.25 0.43 0.38 0.20 
2001 255 83.5 59.1 83.0 18.0 0.00 179.0 355.0 63.4 0.87 0 .80 0.08 0 .80 0.64 0.06 
2001 258 80.3 51 .1 61.0 23 .0 0.00 186.0 507.0 62.6 0.42 0.34 0.06 0.38 0.28 0.05 
2001 260 70.7 54.6 78.0 39.0 0.00 162.0 336.0 62.4 0 .39 0.37 0.04 0.42 0.38 0.04 
2001 263 80 .9 48.4 57.0 14.0 0.00 253.0 500.0 61 .2 0.17 0.16 0.08 0.15 0.13 0.05 
2001 267 89.1 56.6 43 .0 12.0 0.00 303.0 451 .0 60.8 0.70 0 .52 0.02 0.53 0.41 0 .10 
2001 270 84.4 57.3 54 .0 13.0 000 312.0 450.0 60.7 0.90 0 .75 0.09 0.81 0.58 0.26 
2001 274 82.5 52 .1 52.0 15.0 0.00 224.0 436.0 60.0 0.55 0.62 0.05 0.66 0.54 0.08 
2001 277 71.7 45 .8 54.0 19.0 0.01 166.0 416.0 57.1 0.51 0.43 0.01 0.53 0.49 0.04 
2001 281 64 .6 47.8 70 .0 26 .0 0.00 118.0 180.0 54 .7 0 .52 0.47 0.00 0.47 0.36 0.00 
2001 288 61 .5 37.6 720 27.0 0.00 193.0 371.0 49.6 0 .66 0.60 0.00 0.77 0.68 0.06 
2001 295 59.4 43.5 76.0 30.0 0.00 157.0 184.0 49 .4 1.06 1.00 0.10 1.12 0.91 0.30 
2001 302 68.9 44 .9 52 .0 23.0 0.00 193.0 260 .0 48.9 1.40 1.06 0.30 1.51 0.75 0.82 
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Table 35. Continued 
2001 304 51 .9 41.1 97.0 61.0 0.00 85.0 68.0 48.5 1.18 1.18 0.85 1.20 1.22 1.12 
2001 306 58.7 40 .3 78.0 38.0 0.00 253 .0 277 .0 46.8 0.08 0.07 0.00 0.07 0.07 0 .00 
2001 309 63 .7 41 .3 78.0 41 .0 000 236.0 160.0 47.5 0.02 0.02 0.00 0.01 0.01 0.00 
2001 312 49.8 28.7 95.0 35.0 0.00 119.0 257.0 45.4 0.42 0.42 0.03 0.42 0.42 0.04 
2001 316 58.8 43.2 82.0 47.0 0.00 230 .0 196.0 46.0 0.60 0.60 0.03 0.00 0.00 0 .05 
2001 319 52.7 36.0 91 .0 59.0 0.00 191 .0 228.0 44.8 0.39 0.38 0.01 0.39 0.39 0.07 
2001 323 50.1 32.0 85.0 56.0 0.00 226.0 222.0 42.3 0.16 0.16 0.05 0.16 0.16 0.07 
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Table 36. Comparison of the Estimated Turf Grass Crop Coefficients Using the 
Kimberly Penman Equation with 100 and 132 Miles Per Day Wind Limit, the ASCE 
Standard Penman Monteith Equation (ETr and ETo) at the Logan Golf and Country Club 
for 1991 - 2001 Growing Season 
Turf WaterUse, Eta Evapotranspiration, Etr Estimated Kc Ratio PM to KP _1 00 
Location Season East West Mean KP 100 KP 132 ASCE Etr ASCE_Eto KP 100 KP 132 ASCE Etr ASCE_Eto Etr ETo Etr/Eto 
Logan (mm) 
2001 15 Mar-19 Nov 834.0 545.0 689.5 1230.0 1347.0 1724.0 1203.0 0.56 0.51 0.40 0.57 0.71 1.02 1.43 
2000 06 Apr-06 Oct 854 .0 611 .0 732.5 1170.0 1268.0 1496.8 1074.0 0.63 0.58 0.49 0.68 0.78 1.09 1.39 
•i995 17 Apr-02 Oct 658.0 536.0 597.0 1018.0 1107.0 1493.0 1039.0 0.59 0.54 0.40 0.57 0.68 0.98 1.44 
1994 11 Apr-28 Oct 791 .0 586.0 688.5 1269.0 1380.0 1663.7 1179.0 0.54 0.50 0.4 1 0.58 0.76 1.08 1.41 
1993 16 Apr-26 Oct 620 0 486.0 553.0 1133.0 1234 0 1440.9 1048.0 0.49 0.45 0.38 0.53 0.79 1.08 1.37 
1992 15 Apr-27 Oct 714.0 653.0 683.5 1209.0 1316.0 1598.2 1144.0 0 57 0.52 0.43 0.60 0.76 1.06 1.40 
1991 03 Apr-28 Oct 816.0 611 .0 713.5 1102.0 1186 0 1569.7 111 4.0 0.65 0.60 0.45 0.64 0.70 0.99 1.41 
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Appendix B 
Penman Monteith, Kimberly Penman, and F A056 Equations 
The Penman Monteith form of the combination Equation 
where: 
ET 
Rn 
G 
( es-ea) 
es 
ea 
= reference evapotranspiration, mm/d 
= net radiation, MJ/m2/d 
= soil heat flux, MJ/m2/d 
= vapour pressure deficit of the air, KPa 
= saturation vapour pressure of the air, KPa 
= actual vapour pressure of the air, KPa 
= mean air density at constant pressure, Kg/m3 
= specific heat of the air, MJ/kg/°C 
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Pa 
Cp 
L\ 
y 
= slope of the saturation vapour pressure temperature relationship, KPa/°C 
= psychrometric constant, KPa/°C 
Ktime 
= (bulk) surface resistance (s/m) 
= aerodynamic resistance, s/m 
= latent heat of vaporization, MJ/kg 
=a unit conversion, 86400 s/d for ET in rrun/d and 3600 s/h for ET in 
mm/h 
The 1982 Kimberly Penman Equation 
EJ; = (t:,.(Rn- G)+ y(15.36)(~ + ~U2 )(es - ea)) * 0.3937 
t:,.+y b,.+y A 
where: 
Etr 
Rn 
G 
Wi 
U2 
( e5-ea) 
es 
ea 
~ 
y 
'A 
= alfalfa reference evapotranspiration, inches I d 
=net radiation, callcm21d 
=soil heat flux, cal/cm2/d 
= wind term parameters, (-) 
= wind movement at 2 m height, miles I d 
= vapour pressure deficit of the air, mb 
=saturation vapour pressure of the air, mb 
= actual vapour pressure of the air, mb 
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= slope of the saturation vapour pressure temperature relationship, mbf C 
=psychrometric constant, mbfC 
= latent heat of vaporization, cal/m3 
The Standardized ASCE Penman-Monteith I F A0-56 Penman Equation 
where: 
~ + y(l + 0.34U 2 ) 
ETref =short (ETo) or tall (ETr) standardized reference crop evapotranspiration, 
mrnld 
Rn 
G 
T 
u2 
( es-ea) 
es 
ea 
Cp 
~ 
y 
= calculated net radiation at crop surface, MJim21d 
=soil heat flux density at the soil surface, MJim21d 
= mean daily air temperature at 1.5 to 2.5 m height, °C 
= mean daily wind speed at 2-m height, m/s 
= vapour pressure deficit of the air, KPa 
= mean saturation vapour pressure at 1.5 to 2.5 m of the air, KPa 
=mean actual vapour pressure at 1.5 to 2.5 m of the air, KPa 
= specific heat of the air, MJikgi°C 
= slope of the saturation vapour pressure temperature relationship, KPa/°C 
= psychrometric constant, KPa/°C 
Appendix C 
Bucket Calibration 
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Procedure for Bucket Calibration 
The type of buckets used for the collection of drainage water are as shown below. The 
buckets have a flat bottom. 
Let D 1 be the diameter of the bottom ofthe bucket. 
Let D2 be the diameter of the top of the bucket. 
Let hmax be the maximum vertical height of the bucket 
From the trigonometric relations, we can derive that: 
Let P = (D2- Dl)/2 
For any height hi, 
P = h; tan( B) 
The radius at any point is : 
155 
R; = P + R1 , where R1 is the radius at the bottom 
Area at the bottom of the bucket: 
Area at any point of the bucket: 
Volume at any height hi: 
V A * h 
Areab +Area; * h 
=Mg na = . 
I 2 I 
In terms of P: 
V = trR,2 +tr(P+R,2)2 h 
2 I 
substituting for P and simplifying, we obtain: 
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